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Abstract
The flat panel display market requires new and improved technologies in order to 
keep up with the requirements of modem lifestyles. Electron field emission from thin 
film amorphous semiconductors is potentially such a technology. For this technology 
to become viable, improvements in the field emitting properties of these materials 
must be achieved. To this end, it is important that a better understanding of the 
emission mechanisms responsible is attained.
Amorphous carbon thin films, amorphous silicon thin films and other materials have 
been deposited, in-house and externally. These materials have been characterised 
using ellipsometry, profilometry, optical absorption, scanning electron microscopy, 
atomic force microscopy, electron paramagnetic resonance and Rutherford back- 
scattering spectroscopy. An experimental system for evaluating the electron field 
emitting performance of thin films has been developed. In the process of developing 
thin film cathodes in this study, it has been possible to add a new and potentially more 
useful semiconductor, namely amorphous silicon, to the family of cold cathode 
emitters. Extensive experimental field emission data from amorphous carbon thin 
films, amorphous silicon thin films and other materials has been gathered. This data 
has been used to determine the mechanisms responsible for the observed electron 
emission. Preliminary computer simulations using appropriate values for the different 
material properties have exhibited emission mechanisms similar to those identified by 
experiment.
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CHAPTER 1
INTRODUCTION
1.1 Organisation of thesis
Chapter 1 describes the scientific case for performing the research. The main 
industrial application is then described along with existing and potential technologies. 
A brief description of the relevant properties of amorphous semiconductors is 
presented and a flat panel display (FPD) using amorphous semiconductor technology 
is discussed. Chapter 2 contains a literature review of this area of research 
incorporating properties of amorphous semiconductors, electron field emission (FE) 
data and existing models for electron emission from these materials. Chapter 3 
describes the various experimental methods used in performing this research. Chapter 
4 contains the FE results and analysis for the carbonaceous films. Chapter 5 contains 
the results and analysis for the silicon-based films. Chapter 6 contains conclusions 
drawn from the research as to the emission mechanism responsible for the observed 
results and the suitability of these materials for use in practical FPDs. A discussion 
on research that the author believes should be carried out in the future is presented.
1.2 Scientific relevance of the research
The scientific case for conducting the research was to establish the mechanism by 
which electrons were field emitted from flat amorphous semiconductor materials, that 
includes both amorphous carbon (a-C) and amorphous silicon (a-Si). At the onset of 
this research project there was no accepted model for the electron field emission
1
mechanism from these materials. Hence, any progress in developing such a model 
would be o f  interest to the scientific community.
1.3 Industrial significance of the research
1.3.1 Introduction
One o f the main industrial applications o f FE from amorphous semiconductors is in 
the development o f FPDs [1-4] which are widely used in laptop computers and other 
portable display applications where size and weight are important factors [4]. As the 
portable computer market has expanded then so has the potential market for FPD 
technologies. In 1997 Stanford resources predicted a global market o f  approximately 
US$ 23 billion by the year 2002, see figure 1.1.
Figure 1.1. Record and prediction of the growth in the FPD market made in 1997.
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1.3.2 Cathode ray tube -  a benchmark technology
In order that comparisons can be drawn between the various FPD technologies a 
suitable benchmark needs to be established. The cathode ray tube (CRT) provides 
such a benchmark as it sets the standards in picture quality.
The established CRT technology has been used for many years in televisions and 
personal computer (PC) monitors. CRTs use a heated metal source to produce 
electrons. This source is located central to and behind the glass front screen, figure 
1.2. These electrons are then accelerated, collimated and scanned over this phosphor- 
coated glass using electromagnetic deflection coils.
Figure 1.2. Cathode ray tube.
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1.3.3 Alternative flat panel display technologies
1.3.3.1 Active matrix liquid crystal display
The current dominant FPD technology is the active matrix liquid crystal display 
(AMLCD) [4], figure 1.3. In the AMLCD light produced by a backlight illuminates 
the entire display and remains permanently ‘on’, while the display is active. This 
light passes through a polariser before impinging on a grid o f  liquid crystals. The 
activation, by matrix addressing, o f  any o f  these liquid crystals blocks the 
transmission o f the polarised light and switches that particular pixel ‘o ff .
Figure 1.3. Active matrix liquid crystal display.
Colour
White light Thin film transistors &
source^ ITO pixel electrodes
Rear polariser Liquid
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Emitted light
Such a display can be less than 1 cm thick and hence is certainly suitable, in this 
respect, for use in FPDs. The AMLCD, however, suffers from certain drawbacks. It 
is a power inefficient system -  in normal operation most o f  the pixels are unlit and the 
light from the sections o f  the backlight that illuminates these pixels is blocked and 
wasted. The polarisation and wavelength blocking mechanisms o f  the polarisers and 
colour filters also reduce the efficiency o f  the AMLCD. These various sources o f  
inefficiency result in the waste o f  well over 90% o f  the light produced by the
backlight. The response times of the liquid crystals are not sufficiently quick to allow 
for the commercial production of video-rate displays at present. The range of 
temperatures that the AMLCD can operate over is limited to approximately 0-50 °C, 
this restricts the type of potential applications. Built-in heaters could be utilised for 
low temperature applications, but this would add to the power inefficiency problems. 
The manufacturing costs of these displays is relatively high due to the large number of 
clean room mask and processing steps necessary for the fabrication of thin film 
transistors required for switching the devices. If a pixel fails the whole display must 
be discarded as there is no redundancy incorporated into the design.
1.3.3.2 Plasma display
In a colour plasma display (PD) an energetic plasma is used to produce ultraviolet 
(UV) photons which are themselves used to excite phosphor pixels to produce visible 
images [3,5]. There are different designs of PDs, from which we will consider the 
alternative current matrix PD (ACMPD), figure 1.4. A matrix addressing set of 
column and row electrodes are constructed on the rear and front glass substrates in an 
atmosphere of a suitable mixture of gasses, such as xenon and neon. A set of ‘ribs’, 
parallel to the column electrodes, are used to isolate different rows of pixels, provide a 
convenient surface on which a phosphor may be situated and allow for some 
collimation of the visible light. The selective application of an electric field by matrix 
addressing allows discrete pockets of plasma to be produced between the ribs. The 
UV light produced impinges on the locally situated phosphor and the resultant visible 
light escapes through the transparent top dielectric and glass substrate.
5
PDs do not suffer from the viewing angle and sluggish response time problems 
encountered with AMLCDs. However, the lifetimes o f these displays are reported to 
be around half that o f the CRT, their cost and power consumption is high, they are not 
easily portable (due to the high power consumption), and as a vacuum technology the 
displays would not be as rugged as solid state displays.
Figure 1.4. Plasma display.
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1.3.3.3 Electrochromic display
An electrochromic display (ECD) [6] is based on the principle that certain 
(electrochromic) materials will produce light when subject to an ionic current, 
supplied by a suitable electrolytic material. These displays are usually fabricated as a 
sandwich structure, figure 1.5. The transparent conductors are produced in rows and 
columns to allow matrix addressing techniques to be employed. Ions supplied from 
the electrolytic layer to the electrochromic layer results in the production o f light and 
a counterelectrode resupplies ions to the electrolyte. As with the AMLCD, a colour 
display requires the use o f  optical filters.
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An ED would exhibit good viewing angle properties, be o f  a suitable thickness for a 
FPD and, not requiring a vacuum gap, be manufactured as a solid state device. 
Problems associated with this technology include; many processing steps, the use o f 
light filters makes this technology inefficient and it is difficult to find active materials 
with sufficient physical and chemical stability.
Figure 1.5. Electrochromic display.
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1.3.3.4 High field electroluminescent display
High field electroluminescence is the ability o f certain materials to emit light when 
subjected to a sufficiently high electric field (= 100-200 V/pm). Electrons gain 
energy from the electric field and suffer collisions within the material, such materials 
are termed electroluminescent phosphors. To be suitable for use in a display [7] it 
should be a wide band gap semiconductor with a band gap large enough to emit 
visible light without significant absorption. It should also allow for the efficient 
transport o f  energetic electrons so that sufficient numbers o f these electrons can be
7
injected into the EL phosphor. Generally the electroluminescent phosphors used have 
band gaps o f 3^1.5 eV. Finally, the collision cross section for these electrons and the 
phosphor is required to be high enough to allow for the fabrication o f  an efficient 
device. Figure 1.6 shows a typical device structure for a high field electroluminescent 
display (HFELD) based on these phosphors, the device shown uses matrix addressing 
techniques. To produce the required energetic electrons a large electric field is 
applied across the lower metallic and upper transparent electrodes. I f  applied directly 
to the electroluminescent phosphor the large electric field would produce a 
destructively large current so insulating layers (the top layer being optically 
transparent) are fabricated between the electrodes and the electroluminescent 
phosphor to limit the current flowing in the electroluminescent layer. The current is 
thereby limited to capacitive charging and discharging levels from an alternating 
supply.
Figure 1.6. High field electroluminescent display.
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The HFELD exhibits excellent viewing angle and contrast properties allowing for 
CRT image quality. This solid state technology allows for the fabrication o f  a rugged
and durable device -  important for a portable FPD. However, the HFELD is not ideal 
and has inherent problems. The high alternating electric field requires a large a.c. 
power supply (= 50-100 V) that would add considerable bulk and weight to a portable 
display and disallow the direct use o f  a battery.
1.3.3.5 Polymer light emitting diode display
Conjugated polymers are materials that have the physical and mechanical properties 
o f  plastics and exhibit electrical conducting or semiconducting behaviour. This 
combination o f  properties makes these materials attractive for use in large scale 
electronic applications [8]. A simple polymer light emitting display (PLED) is shown 
in figure 1.7. The conjugated polymer layer has a band gap chosen to produce the 
required wavelength o f  emitted light. The transparent top electrode allows the 
produced light to exit through the front glass and a metallic back contact completes 
the electrical circuit.
Figure 1.7. Polymer light emitting diode.
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The use o f polymeric materials would allow for the fabrication o f cheap, flexible, 
large area displays. As a solid state device the PLED would be rugged and hence 
suitable for portable display applications. Potential difficulties include a significant 
degradation in performance over the expected lifetime o f  a commercial display, and
the quantum efficiency of these polymers is quite low resulting in a potentially power 
inefficient device -  although the use of polymer heterostructures can improve the 
situation.
1.3.4.6 Spindt tip field emission display
Spindt tip field emission displays (STFEDs) are currently being developed for use in 
FPDs [3]. These utilise an applied electric field to extract electrons from a cathode 
into vacuum. The cathode is pointed -  a Spindt tip (named after C.A. Spindt, one of 
the pioneers in this field [9]) and usually manufactured from silicon, molybdenum or 
tungsten. A pointed cathode results in the electric field in the region of the tip to be 
enhanced. This allows the applied field between the anode and cathode to be 
considerably less, perhaps by three order of magnitudes, than that required to achieve 
emission from a flat cathode of the same material. A cross-sectional diagram of a 
STFED is shown in figure 1.8. A voltage is applied between the Spindt tips -  
connected in row and column gate anodes. The field enhancement at the tips is 
sufficient to allow the extraction of electrons from the cathode tips. Emitted electrons 
are then accelerated by a second electric field across a vacuum between the cathodes 
and the conductive phosphor pixels on the front screen and a red, green or blue photon 
is produced when the electron impinges on the pixel - the same principle as for the 
CRT. Each pixel is served by a large number of cathodes (although for clarity figure
1.8 shows only 1 tip per pixel) so that a single cathode failing does not disable the 
pixel or the display. The pixels are addressed separately using matrix addressing 
techniques.
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The advantages o f  STFEDs are that the picture is o f CRT quality, giving good 
contrast and viewing angle. Being an emissive display, only cathodes serving active 
pixels are addressed, making the STFED more power efficient than the AMLCD. 
Video imaging is possible due to the relatively fast phosphor response times, as with 
the PD. However, there are disadvantages associated with this technology. The high 
local electric fields (=1000 V/pm) required to obtain FE for the materials used can 
result in ionisation o f  residual gases close to the cathode tips and subsequent ion 
bombardment causing erosion o f  the tips and a consequential degradation o f  the 
display performance with time [16]. There is also a problem in achieving a 
sufficiently high Spindt tip density because o f  limitations in lithographic technology, 
especially over the large areas necessary for the production o f a FPD. The STFED is 
a vacuum technology and therefore not as rugged as solid state technologies.
Figure 1.8. Spindt tip display.
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1.4 Thin amorphous semiconductor films as a cold cathode 
material for flat panel displays
1.4.1 Introduction
In the previous section it was stated that the disadvantages of the STFEDs were the 
lithography and degradation of the tips. These tips are necessary to enhance the field 
so that electrons can gain enough energy to overcome the work function of the tip 
material. One way of removing the problems associated with the Spindt tips is to 
remove the tips themselves and use a flat film. If we do this we no longer have the 
geometrical field enhancement and the electrons, for the applied fields used in 
STFEDs, will not gain enough energy to escape from a smooth film surface made 
from ‘conventional’ materials. The electric field could be made greater by increasing 
the applied voltage or making the anode-cathode gap smaller but this would be 
limited by manufacturing technology and could result in electrical breakdown of the 
device. Another solution is required. A possible solution is to use a cathode material 
that has an effective work function low enough, or a high enough “internal” field 
enhancement factor, so that when a practical voltage is applied across an achievable 
anode/cathode gap this will produce FE.
1.4.2 Requirements for a flat cold cathode
Any material that is to be considered as a flat film cold cathode for FPD technology 
must exhibit some or all of the following aspects [15]. FE should occur at applied 
electric fields low enough that a FPD based on this technology could be operated with 
a portable battery power supply and still be of practical size, weight and cost 
commensurate with a commercial, portable display. The surface density of emission 
sites is required to be high enough so that the number of sites serving a pixel element
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in a display of commercially viable resolution is large enough to assure the required 
uniformity of luminosity from pixel-to-pixel. This site density must also be sufficient 
to allow a suitable amount of redundancy for possible emission site failure. The 
current density from a potential flat film cold cathode, at low electric fields would 
need to be high enough to cause the phosphor element of a pixel in a practical FPD to 
be sufficiently bright. The length of time that the cathode material can operate within 
the above constraints is required to be such that an associated commercial display 
would have a lifetime measured in tens of years. The cathode film would need to be 
deposited over large areas (display dimensions) at a cost that would not be prohibitive 
for commercial display manufacture. Low temperature deposition of cold cathode 
films would be a distinct advantage as this would allow a larger range of substrates to 
be considered. A FE film would be required to be sufficiently robust to meet the 
demands of a portable device.
Thin amorphous semiconductor films have been shown to exhibit FE at applied 
electric fields low enough for them to be considered as FPD materials [10-14]. 
Research has also shown that current densities approaching that what would be 
required for a practical device can be achieved. Amorphous materials can be grown 
as thin films over large areas at low temperatures using plasma enhanced chemical 
vapour deposition (PECVD). Certain types of these materials, such as diamond-like 
amorphous carbon (DAC) and amorphous silicon (a-Si), exhibit mechanical strength 
and physical stability more than adequate for use in portable applications. Further 
research is required into whether or not emission site densities, current densities and 
lifetimes of amorphous cold cathodes suitable for commercial FPD applications can 
be achieved.
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1.4.3 Thin film field emission display
Figure 1.9 shows how a pixel element in a thin film field emission display (TFFED) 
would look. A gate voltage would be applied between the gate electrodes and the 
emitting thin film, probably arranged in strips to allow for matrix addressing. 
Electrons would be emitted from the selected pixel elements into vacuum and, as with 
the STFED, be accelerated by a second electric field between the cathode and the 
phosphor coated front screen.
Figure 1.9. Thin film field emission display.
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The TFFED would exhibit the excellent viewing properties o f  the CRT, to which all 
display technologies aspire. Being an emissive system this device would be power 
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associated with this technology is that being a vacuum technology this device would 
not be as rugged as a solid state device.
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1.5 Summary
The scientific reason for the research has been given as establishing the FE 
mechanism for amorphous semiconductors. As the main industrial application of the 
work, FPD’s have been discussed and alternative technologies considered. The 
potential advantages of a FPD fabricated using flat cold cathodes over these other 
technologies have been considered. The properties that a flat cold cathode material 
would require have been discussed. The properties of amorphous semiconductors that 
make them promising candidates for cathodes were stated. Finally, a FPD based on 
amorphous semiconductor cold cathodes was described.
1.6 References
1 V.V. Zhirnov and JJ. Hren, MRS Bull. 23, 42 (1998).
2 J.E. Jaskie, MRS Bull. 21, 59 (1996).
3 B.R. Chalamala and B.E. Gnade, IEEE Spec. Apr, 42 (1998).
4 K. Derbyshire, Sol. Stat. Tech. Nov, 55 (1994).
5 J. Deschamps and H. Doyeux, Phys. Wor. Jun, 39 (1997).
6 X. Zhang, L. Zu, Q. Li, and Z. Lu, Jpn. J. Appl. Phys. 38, 770 (1999).
7 C.N. King, J. Vac. Sci. Technol. A. 14(3), 1729 (1996).
8 See web site http://www.cdt.ltd.co.uk.
9 C.A. Spindt, I. Brodie, L. Humphrey and E.R. Westerberg, J. Appl. Phys. 47, 5248 
(1976).
10 S.R.P. Silva, G.A.J. Amaratunga and J.B. Barnes, Appl. Phys. Lett. 71, 1477 (1997).
11 K. Okano, S. Koizumi, S.R.P. Silva and G.A.J. Amaratunga, Nature 381,140 (1996).
12 S.R.P. Silva, R.D. Forrest and J.M. Shannon, J. Non-Cryst. Solids 227-230,1101 
(1998).
13 A.T. Sowers, J.A. Christman, M.D. Bremser, B.L. Ward, R.F. Davis and RJ
Nemanich, Appl. Phys. Lett. 71,2289 (1997).
14 T. Sugino, K. Tanioka, S. Kawasaki and J. Shirafuji, Jpn. J. Appl. Phys. 36, L463
(1997).
15
R.A. Street, Amorphous Hydrogenated Silicon, Cambridge University Press, chapter 
2(1991).
Y. Wei, B.R. Chalamala, B.G. Smith and C.W. Penn, J. Vac. Sci. Technol. B. 17(1), 
223 (1999).
Chapter 2 
LITERATURE REVIEW OF ELECTRON FIELD 
EMISSION FROM THIN FILM AMORPHOUS 
SEMICONDUCTORS
2.1 Introduction
Initially in this chapter a historical overview of electron field emission is presented. 
Secondly, the models that have been proposed to explain FE from thin film amorphous 
semiconductors in the literature are examined. The published results of FE from 
different types of amorphous material are then compared and discussed. Finally, a 
summary of the salient points raised in this review is presented.
2.2 A brief history of electron field emission
1897: The phenomenon of field emission was first reported in the scientific press by 
R.W. Wood [1] from cold metal cathodes in the course of his investigations 
into methods of producing X-rays.
1922: J.E. Lilienfeld [2] confirmed the findings of Wood [1] and furthermore 
reported that the FE was enhanced if the cathode tips were contaminated with 
caesium.
1923: W. Schottky [3] was the first to attempt to explain the theory associated with 
the experimental phenomenon of FE. The process was modelled by electrons 
being emitted over the metal vacuum barrier that was reduced in height by 
image charge effects present due to the applied electric field -  a classical
17
theory. However, the model predicted lower current levels than were observed 
experimentally and was incomplete.
1926: R.A. Millikan and C.F. Eyring [4] conducted FE experiments with a tungsten 
wire cathode aligned along the axis of a cylindrical anode. It was found that if 
high field currents were drawn from the cathode then, after these episodes, the 
current for a given field would decrease. This process was called 
“conditioning”. After sufficient conditioning the measured electric current for 
different applied voltage characteristic (I-V) curves were made repeatable, as 
long as the current did not exceed the conditioning current. It was also 
reported that the emission resulted from isolated regions on the surface of the 
cathode and was not uniform. The explanation of the conditioning process was 
that the emission was occurring from regions that had protrusions that were 
smoothed with time by a positive ion bombardment from residual gases present 
in the vacuum chamber.
1928: R.A. Millikan and C.C. Lauritsen [5] found that the previous results obtained 
by Millikan and Eyring for their conditioned cathode could be plotted in the 
form
f -c
II eIv \
\ J
where I is the emission current, V the applied voltage, and b and c constants.
1928: R.H. Fowler and L. Nordheim [6] formulated a theory for FE from metal 
cathodes based on quantum mechanics. In their model electrons tunnelled 
through the triangular barrier between the Fermi level of a metal and the 
vacuum produced by an applied electric field. In the same year Nordheim [7]
refined this model by taking into consideration image charge effects. This 
resulted in a slight reduction in the barrier height.
1936: E.W. Muller [8], among others, used a retarding potential method to obtain 
energy spectra of electrons emitted from a metal cathode. The results showed 
that the electrons were emitted from the top of the Fermi level - a fundamental 
prediction of the Fowler-Nordheim (FN) model.
1940: R. Haefer [9] used the newly developed field emission microscope to measure 
the emitter geometry with much greater precision than had been possible 
previously. This allowed the uncertainty in the field enhancement factor, which 
had been a problem in confirming the validity of the FN model, to be 
considerably reduced. Results supported this theory.
1952: First report by L. Apker and E. Taft [10] on electron emission from 
semiconductor materials, CdS and CdSe.
1955: One of the first theoretical studies of field emission from semiconductors was 
carried out by R. Stratton [11].
1968: A tipped emitter with an anodic layer grown on the device (gated) was 
reportedly manufactured by Spindt [12].
1974: The first fabrication of silicon tips as emitters by Thomas et al [13].
1985: Bayliss and Latham [14] described the observed electron emission from 
insulators in terms of hot electron transport.
1991: Geis et al [15] reported negative electron affinity (NEA) from diamond.
1995: Amaratunga and Silva [16] were the first to achieve FE from hydrogenated a-C 
(a-C:H) and modelled the results using a space charge induced band bending.
1997: The first results of FE from amorphous silicon films were reported by Silva, 
Forrest and Shannon [17].
1998: FE from a-C:H and nitrogenated tetrahedral a-C (TAC:N) films reported to be 
a function of film thickness -  strong evidence in support of a space charge 
induced band bending emission model by Forrest et al [18].
2.3 Amorphous materials
2.3.1 General theory
The properties of amorphous semiconductors has been studied by many authors. 
Much of the background material here is based upon the work of Street [19], Elliott 
[20] and Simmons [21]. The atomic arrangement in amorphous semiconductors differ 
from their crystalline counterparts insofar as the number of bonds, their lengths and 
angles for an atom that are constantly repeated throughout a (perfect) crystalline 
semiconductor are no longer constant, as shown in figure 2.1. That an amorphous 
solid can be considered to exhibit order is apparently somewhat oxymoronic, however 
this is the case and can be explained as follows. To a great extent amorphous 
semiconductors retain the order of their crystalline analogues over the relatively small 
distances from an atom to its nearest neighbours, as gauged by the probability of 
finding an atom at a given distance from a given atom. Or as it is commonly put, an 
amorphous solid exhibits short and medium range order. However, over greater 
distances, say a few atomic bond lengths, this order breaks down and the material is 
said to lack long range order.
The atomic structure of an amorphous semiconductor alters the sharp energy band 
structure present in a crystalline semiconductor in a number of ways, figure 2.2. The 
changes in bond angle and length (bonding disorder) causes a broadening in the
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distribution of the electron energy states. This manifests itself in the production of 
band tail states. The disorder present in the number of bonds the atoms in an 
amorphous semiconductor can result in broken or dangling bonds (structural disorder). 
These dangling bonds result in electron energy states in the band gap -  defect states. 
While the energy states in a crystalline semiconductor extent throughout the material 
(extended states), as described by Bloch functions, both the tail and defect states are 
localised.
Figure 2.1. An example of the atomic bonding arrangement in an amorphous solid.
Figure 2.2. Density of states distribution for an amorphous semiconductor.
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2.3.2 Electronic transport models
2.3.2.1 Fermi level hopping conduction
Hopping conduction at the Fermi level involves an electron moving from one localised 
state to another in the defect states, this can occur if the states are close enough 
together. The current density is given by
where E is the electric field, T is the absolute temperature, Ro is the localisation length, 
kB is Boltzmann’s constant, N(Ef) the density of states (DOS), N is the number of 
carriers available and B is a constant. It should be noted that this mechanism is only 
slightly temperature dependent.
2.3.2.2 Band tail hopping conduction
As for Fermi level hopping electrons can be transported along the localised band tail 
states. However, as these states are significantly further away from the Fermi level, the 
mechanism is more temperature dependent. This is illustrated in the current density 
expression
J  = Ecroh exp - A (2.2)
where
(2.3)
and
(2.4)
2 2
j  = E a ol exp (2.5)
where E is the electric field, a ot is a function of the density of states and the overlap of 
the wavefimction between tail states, Ect is the average energy of the band tail 
conduction path, Ef is the Fermi energy, kB is Boltzmanns constant and T is the 
absolute temperature.
23.23  Extended states conduction
Here electrons are thermally excited from the Fermi level into the extended states in 
the conduction band. This is the mechanism responsible for conduction in crystalline 
semiconductors. The current density expression is similar to that for band tail hopping 
and is written
where E is the electric field, a 0e is the average conductivity in the extended conduction 
band states and is greater than a ot, Ec is the energy of the conduction band edge, Ef is 
the Fermi energy, kB is Boltzmann’s constant and T is the absolute temperature.
23.2.4 Space charge limited conduction
A space charge limited conduction (SCLC) mechanism for an insulator was developed 
by Rose [22]. The expression he proposed for the current density was
(2.6)
,_ 9  fiKe0V2 
J ~ 8s3
(2.7)
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where p is the drift mobility, K is the dielectric constant, s0 is the permittivity of free 
space, V is the applied voltage and s is the film thickness. This model predicts a strong 
dependence on film thickness for the current density.
2.3.3 Electron field emission models
2.3.3.1 Fowler-Nordheim tunnelling
The FN model was created in an attempt to explain electron emission from metals into 
vacuum [6,7]. The basis of the model is that electrons can quantum mechanically 
tunnel through a potential barrier from a metal into vacuum. To simplify the model 
certain assumptions were made:-
(1) The free-electron model approximation applied.
(2) Inside the metal there was no thermal excitation of the electrons (T = OK).
(3) The metal surface was smooth and planar.
(4) The potential barrier between the metal and vacuum was the superposition of 
potentials due to the applied electric field and an image force.
A 1-dimensional schematic potential energy diagram of the FN model is shown in 
figure 2.3. The application of Fermi Dirac statistics and a Wentzel, Kramers and 
Brillouin (WKB) approximation [23] lead to the famous simplified version of the FN 
equation, neglecting image charge effects
where I is the emission current, A is the emission area, Pfn is a geometrical factor 
equal to the electric field at the metal surface divided by the applied potential, (f> is the 
work function, and B and C are constants.
Figure 2.3. Fowler-Nordheim quantum mechanical tunnelling from metal into 
vacuum.
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Equation 2.8 shows that with increasing <|) both the exponential and pre-exponential 
terms will decrease in magnitude and will reduce the emission current. The emission 
current increases as Pfn2- Physically, a smaller work function and rougher metal 
surface will induce higher emission current -  as intuitively expected.
To analyse experimental FE data a graph of ln(I/V2) vs 104/V (using SI units) is 
constructed. If the plot is linear then the emission mechanism could be FN controlled. 
The work function (eV) of the cathode can then be obtained from the gradient (m) as
<t> = P fn "12970 (2.9)
As stated previously, the surface of the metal was assumed to be perfectly smooth and 
P f n  was dependent only on the macroscopic geometry of the electrodes. However, for
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the analysis required in this research the roughness of the cathode surface must be 
considered and to this end we follow the work of Hoffrnan et al [24]. In this analysis a 
new field enhancement factor reflecting the effect of cathode surface roughness pR is 
introduced. The total geometric field enhancement (P) as modelled in this report is 
taken as the product of the enhancement due to the macroscopic geometry of the 
anodes (Pfn) and that due to the surface roughness of the cathode (pR) and is given by
According to Talin et al [25] the morphology of the features on a cathode surface can 
be modelled as a set of cylinders of circular cross-section with hemispherical summits 
of height h and radius r protruding from the cathode surface. The field enhancement 
due to these features is given as
2.3.3.2 Space charge induced band bending
A hot electron theory for electron emission from an insulator was originally proposed 
in 1986 by Bayliss and Latham [14]. Amaratunga and Silva [16,26] adapted this model 
to explain FE from amorphous semiconductors. This has now been developed into the 
space charge induced band bending model (SCIBB).
For electrons in semiconductors it has been shown that in the regime of high electric 
fields Ohms law is no longer obeyed [27]. Electrons accelerated by an electric field in 
a semiconductor gain kinetic energy. This energy is transferred to the lattice 
predominantly by electron-longitudinal acoustic phonon collisions. Under relatively 
low-field conditions, these collisions result in the removal of practically all the kinetic
P - P f n *Pr (2.10)
h
(2.11)
r
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energy from the electrons. However, at higher electric fields, this energy transfer 
mechanism is no longer efficient and, after collisions with the phonons, the electrons 
retain some of the kinetic energy gained from the electric field. These electrons can 
become ‘hot’ and achieve energy levels above those normally occupied at the 
conduction band minimum ( E c ) .
Where a Schottky barrier is formed between an amorphous semiconductor film and its 
substrate, carrier depletion in the film close to the interface results in significant band 
bending and high local electric fields in this region. The band diagrams under 
comparable situations have been simulated by Lemer et al [28,29]. The phenomenon 
of the local electric fields in the film being much greater than the applied electric field 
was qualitively described by Amaratunga et al [26] and also shown experimentally by 
Schlesser et al [30]. In the case of the work reported by Schlesser et al they showed 
the internal field within the material as approximately a factor of 10 greater than the 
applied external field.
In the SCIBB model, electrons tunnel from the Fermi level (EF) of the substrate into 
the highly curved conduction band of a fully depleted film under the influence of an 
externally applied electric field, figure 2.4. The high local electric fields in the film 
close to the substrate-film interface result in these electrons becoming ‘hot’ while 
traversing the film, as shown by Fitting et al [31], and possibly retain enough energy to 
overcome the surface barrier of the film to vacuum. A possible trajectory for hot 
electrons generated by the presence of the highly curved local electric fields in the 
amorphous semiconductor film shown in figure 2.4 is assumed to be linear relative to 
the highly curved conduction band.
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Figure 2.4. Reduced energy band diagram for the space charge induced band bending 
model.
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The model predicts that the nature of the substrate-film interface is important as it 
strongly influences the supply of electrons to the film and also affects the degree of 
band bending in the film. From figure 2.4 it can be seen that while the height of the Ec 
to E Va c  barrier at the film-vacuum interface is important, the thickness of the film also 
will control whether or not the hot electrons can reach the vacuum.
2.3.3.3 Negative electron affinity
Under certain conditions diamond [32], and other materials [33] have been observed to 
exhibit NEA. NEA describes the energy band structure of a material when Ec lies 
above (or in practice, close to) the vacuum level ( E Vac)>  and is primarily observed in 
the wide band gap materials such as diamond (=5.5 eV). It follows that electrons 
present in the conduction band of such a material would be emitted under the influence 
of a vanishingly small electric field. An inspection of the simple energy band diagram
for an intrinsic diamond film on a conductive substrate under the influence of a small 
externally applied electric field shows a small diamond to vacuum barrier for emission. 
Figure 2.5 shows a schematic energy diagram of a diamond on a metal substrate 
electron emitter under the influence of an external electric field. It is clear that the 
main impediment to emission, whether the electrons are passing over or through the 
potential barriers, is not the small diamond-vacuum barrier but the relatively large 
metal-diamond barrier. The substrate-diamond barrier can be reduced by doping the 
diamond n-type [29] with nitrogen or phosphorus. This would create positive space 
charge and associated band bending close to the interface and reduce the height and 
width of the metal-diamond barrier.
Figure 2.5. Schematic energy band diagram of negative electron affinity electron 
emission from intrinsic diamond on metal.
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2.3.3.4 Cluster edge model
Krauss et al [34] suggested that, for a-C with a significant sp3 content the emission 
could be due to quantum effects from sp2 cluster edges. i.e. an emission process akin 
to grain boundary electron emission from a polycrystalline film due to favourable 
localised tunnelling conditions at the nm wide cluster edges.
2.3.3.5 Defect band emission
It is well established that chemical vapour deposited (CVD) diamond films contain 
defects due to graphite-like inclusions and paramagnetic defects [35]. Amongst others, 
Show et al [36] described the emission from CVD diamond in terms of a defect 
induced energy band lying just below the conduction band minimum. This model 
assumes that not only does the diamond exhibit NEA but these defect levels also he 
above the vacuum level. This model is an extension of the NEA model described 
previously, where a proportion of the electrons that tunnel into the conduction band of 
the diamond film drop into, and are trapped by, the defect band. It is thought that 
these trapped electrons are transported to the vacuum interface by means of a hopping 
mechanism [37] and emitted over the vacuum barrier, figure 2.6.
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Figure 2.6. Schematic energy band diagram of defect band electron emission for 
intrinsic diamond on metal.
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2.3.3.6 Emission due to substrate geometric field enhancement
As discussed in FN model, geometric field enhancement could be a significant 
consideration. Results have been published for diamond films where the authors have 
attributed the observed emission to protrusions at the substrate-film interface [38]. 
The situation described is similar to that in the NEA model where the main barrier to 
emission is at the substrate-film barrier. In this model, high local electric fields, due to 
substrate roughness, allow electrons to tunnel from the Fermi level of the substrate into 
the film, analogous to the FN film-vacuum barrier tunnelling.
2.3.3.7 Emission due to conductive filament field enhancement
One of the characteristic features of a-C is the presence of both resistive diamond-like 
and conductive graphitic material. It has been reported that the onset of FE for these 
materials is accompanied by the production of graphitic filaments within the a-C,
normal to the film surface [39]. The model uses the difference in conductivity between 
the different phases of the material to achieve a significant enhancement of an applied 
electric field, figure 2.7.
Figure 2.7. Schematic diagram of the field enhancement caused by a conductive 
filament in a resistive material.
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2.4 Experimental techniques to evaluate electron field emission
2.4.1 Current-voltage measurements
I-V measurements are the simplest method to evaluate the FE performance of emitting 
materials. A voltage is applied between the cathode emitter and an anode across a 
vacuum gap and the resulting current measured. There are different electrode 
geometry’s used in these measurements. In the plane-to-plane arrangement [40] a 
planar anode is used and the anode-emitter gap is usually defined by insulating spacers. 
The advantages of this system are that the macroscopic emission area can be taken as 
the common area between the anode and emitter, allowing for the spacers, and, if a 
conductive phosphor on glass anode is used, emission maps can be obtained [24]. 
Associated problems are that the use of spacers can lead to an undesirable ohmic
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leakage current in addition to the emission current, and an enhancement of the electric 
field due to edge effects at the emitter-spacer boundary [41]. In the sphere-to-plane 
arrangement [25] the anode is curved, usually a probe or metal sphere suspended 
above the emitter. Here, the ohmic leakage and edge effect problems associated with 
spacers is diminished, and with a suitable scanning apparatus emission maps can be 
built up. However, without remote height control, the emitter-anode distance is 
difficult to establish.
2.4.2 Electron energy measurements
One method of gathering information on the emission mechanism responsible for an 
emitter is to look at the field electron energy distribution (FEED) of the electrons 
produced [42]. This can be achieved by different means [43]. A retarding potential 
can be applied to the emitted electrons and the change in current for different voltages 
recorded, or the electrons are passed through a magnetic or electrostatic field and the 
emission current is measured as a function of the angle through which they are 
deflected. The electrons can also be produced by using the photoelectric effect where 
the sample is irradiated with fight so that electrons close to the surface are excited and 
emitted. This technique is called photoemission spectroscopy (PS) [27].
2.5 Electron fie ld  emission from thin film amorphous semiconductors
2.5.1 Introduction
This section deals with published FE results from non-crystalline semiconductors. 
Firstly, some points on the ‘conditioning’ of films are discussed and then the published 
data is reviewed.
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2.5.2 Conditioning of emitting films
When testing the FE performance of non-crystalline materials by measuring the I-V 
characteristics across a vacuum gap, a commonly reported phenomena is 
‘conditioning’. Many authors have reported that initially a relatively high applied 
electric field is required for emission to commence [44,45] resulting in a hysterisis in 
the I-V characteristic for increasing and decreasing applied field (although not all 
researchers have observed this [46,47]). For subsequent applied voltage cycles the 
measured emission current for increasing applied voltage increases approaching the 
decreasing voltage level -  the hysterisis reduces and, typically, after a few voltage 
cycles the hysterisis has disappeared. This process is known as conditioning. 
Conditioning can also result in a small increase in the emission current measured on the 
increasing section of the voltage cycle. Many reasons for the conditioning have been 
presented including, changes in surface morphology leading to increased p factors 
[41], removal of adsorbed impurities that inhibit emission [48] and changes in the 
material properties within the emitter [49].
2.5.3 Carbonaceous thin films
2.5.3.1 Introduction
The majority of research that has been performed in FE from non-crystalline 
semiconductors has been on carbon. Carbon is a potentially promising FE material for 
a number of reasons: Carbon exists in two potentially useful allotropes - graphite and 
diamond, and can be deposited with different bond hybridisation’s such that the 
microstructure can vary from that of a fully sp3 bonded diamond-like structure to that 
of a fully sp2 bonded graphite films. This allows various material characteristics, such 
as conductivity and band-gap, to be controlled. Diamond has a low, possibly negative,
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electron affinity. This means that electrons in the conduction band could be 
spontaneously emitted from the surface. Diamond also exhibits good physical strength 
and chemical stability.
a-C is a generic term for the family of materials that consist predominantly of 
disordered carbon. The categorisation of the different members of this family is based 
on two measurable physical properties; sp1/ sp2/ sp3 content and hydrogen content. 
The following review of FE from a-C is arranged initially by the type of material and 
subsequently by other physical properties.
2.5.3.2 Hydrogenated amorphous carbon
Silva et al [50] deposited nitrogenated a-C:H (a-C:H:N) films on silicon substrates 
using a PECVD system with feed gases of methane, helium and nitrogen. Films of 
different nitrogen content were grown by varying the nitrogen flow during deposition. 
Atomic force microscopy (AFM) revealed that below a nitrogen content of 14 at.% the 
films were relatively smooth, but for nitrogen contents of 14 at.% and above surface 
texturing occurred. The FE performance of films containing 11 and 15 at.% nitrogen 
was established by taking I-V measurements across a 50 pm gap in a vacuum better 
than lxlO'6 Torr using an indium-tin oxide (ITO)/glass anode in a plane-to-plane 
geometry with the film. It was noted that the results exhibited a close to I-E2 
dependence and that the textured film produced improved FE characteristics with 
respect to the smoother films, exhibiting an increase in current density of 2 orders of 
magnitude over the measured range. FN analysis (assuming p = 1) of the data yielded 
work functions of less than 0.05 eV, whereas for these nitrogenated films a value of
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close to 2 eV [51] would be expected. From the AFM data the authors calculated a p 
value of approximately 10 for the textured film which lead to a more realistic emission 
barrier of 0.5 eV. However, the authors point out that this non unity field 
enhancement factor could only account for a single order of magnitude difference in 
the emission current and not the observed 2 orders of magnitude difference.
A-C:H:N films with a range of nitrogen contents up to 21 at.% were deposited on 
chrome/glass substrates using an electron cyclotron resonance (ECR) plasma system 
by Hoffmann et al [24]. FE testing was carried out by taking I-V readings with a 
phosphor/glass anode in a plane-to-plane geometry and 60 pm distant from the film in 
a vacuum better than lxlO'5 Pa, the measurement system was computer controlled. 
An emission current of 10 pA was used to define a threshold field and compare the FE 
properties of films of different nitrogen content. The lowest values of threshold field 
(4-5 V/pm for a current of 10 pA) occurred for a-C:H:N films with a nitrogen content 
of approximately 8 at.%, rising for greater or lesser nitrogen content.
A-C:H films were deposited on silicon and tantalum substrates using ion beam 
deposition (IBD) by Thiele et al [52]. Lithium was added to the films during 
deposition by evaporation resulting in lithium contents of between 0 and 35 at.%. The 
films were subject to photoelectric spectroscopy (PES) with x-rays (XPS), ultraviolet 
light (UPS) and a variant of PES - total yield photo emission spectroscopy (TYPES) 
[53]. Results indicated that lithium incorporation into the a-C:H decreased the work 
function by raising the Fermi level.
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The a-C:H:N films deposited by Hoffinann et al were also grown as a function of 
thickness [24], between 30 and 300 nm and it was reported that lower threshold fields 
occurred for the thinner films. This was explained by the authors as being due to 
higher pR values for the thinner films, the morphology of the films being modelled as a 
series of cylinders with hemispherical caps, and pR defined as:-
h
P  « — + 2 and r < half film thickness (2.12)
R.
where h is the height of the cylinder (units as for r), r is the radius of the hemispherical 
cap (units as for h). It is not clear from the paper whether the increase in pR for thinner 
films was ascertained from experimental observation, or inferred from equation 2.12.
2.5.3.3 Diamond-like amorphous carbon
FE from DAC as a function of substrate material was studied by Mao et al [54]. 200 
nm thick DAC films were grown on Si, Ti/Si and Au/Si using a filtered cathodic arc 
(FCA) system. An ITO/glass anode in a plane-to-plane electrode configuration with 
the films was used to evaluate the FE properties of the samples by taking I-V 
measurements over a 70 pm gap in a vacuum of=10'8 mTorr. The results showed that 
the DAC/Ti/Si sample gave markedly higher emission currents for a given applied 
voltage than the others. FN analysis resulted in nearly linear plots but unrealistically 
small work function values for p=  1. The relatively favourable FE performance 
exhibited by the DAC/Ti/Si sample was explained as being due to the formation of a 
TiC layer at the DAC/Ti interface producing ohmic contacts. In the case of the Au/Si 
substrate, which was annealed prior to deposition to help the gold adhere to the 
silicon, a Au-Si alloy was formed at the interface. The DAC and the alloy would have,
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according to the authors, have produced a rectifying contact. The authors concluded 
that, for these samples, ohmic film/substrate contacts were beneficial for FE compared 
to a rectifying contact.
DAC and hydrogen-free DAC films were deposited on p-Si substrates by Chung et al 
[55] using a PECVD system. The hydrogen-free films were prepared by growing 
repeated thin (5 nm) layers of DAC which were then subject to a CF4 plasma. The FE 
performance of these films were evaluated by measuring the I-V characteristics across 
a vacuum of 3x1 O'6 Torr with a flat metal anode held 70 pm from the film cathode. 
The hydrogen-free films exhibited the lower threshold fields and higher emission 
currents. The authors noted that the DAC was p-type while the hydrogen-free DAC 
was n-type [56] and related this to a shift in the Fermi level. The improved FE 
performance of the hydrogen-free DAC was explained in terms of the raised Fermi 
level.
Kang et al [57] grew PECVD hydrogen-free nitrogenated DAC (DAC:N) on Mo tips. 
The FE properties of these samples and uncoated Mo tips were measured using a 3- 
terminal arrangement with an ITO collector anode situated above an extraction anode. 
The threshold voltages were reduced from 75 V for the uncoated tips to 55 V for the 
coated tips. In a FN analysis the work function of the Mo was assumed and the field 
enhancement calculated, although this result was not quoted. It was assumed that the 
change in the field enhancement factor between the coated and uncoated tips was 
negligible and the work function for the DAC coated tips was calculated to be 3.05 
eV. The authors concluded that the improvement in the FE performance of the 
hydrogen-free DAC:N coated tips was due to the reduction in the work function.
Films identified as DAC:N were deposited on highly p-doped (100) silicon in a 
nitrogen atmosphere using a FCA system by Groning et al [46]. XPS showed the 
nitrogen content of the films to be 17 % and the film morphology, examined using 
scanning tunneling microscopy (STM) and AFM, showed conductive clusters 
embedded in an otherwise smooth film. FE measurements were performed using a 4 
mm diameter stainless steel anode in a ‘sphere to plane’ geometry in a vacuum of 10'8 
mbar and yielded threshold fields of between 20 and 25 V/pm. A FN analysis yielded 
work function values of ~ 0.14 eV for p = 1. FEED indicated FN tunnelling from the 
Fermi level of the film. Also, assuming a work function of 4.9 eV, a p value of 
between 150 and 300 was evaluated. Based on the very high conductivity (72 Qcm) 
of these films, they are unlikely to be DAC, but more likely to be graphite-like a-C 
(GAC) with a band gap close to 0 eV.
Mao et al [58] used a FCA system and a graphite cathode to grow DAC:N films on Si 
substrates. These films were nitrogenated by bleeding nitrogen gas, at various 
pressures, into the deposition chamber. Rutherford back-scattering spectroscopy 
(RBS) was used to establish the nitrogen content of the films (8, 12 and 20 at.%). The 
FE properties of these films were investigated by measuring the emission current using 
a flat ITO/glass anode. The results showed the lowest threshold fields (= 9 V/pm) 
occurred for the 12 at.% nitrogen content.
Karabutov et al [59] compared the FE properties of a variety of DAC films deposited 
by ion beam, laser arc, PECVD and magnetron sputtering methods under different
39
conditions and on different substrates. The FE properties were evaluated by measuring 
the emission current with a tungsten anode with a tip radius of 20 pm. While it is 
difficult to draw meaningful comparisons between such widely different samples, the 
authors concluded that the ’’positive influence” on the emission properties were high 
sp3 content, N or S doping, nanometer thickness’ for resistive films and post-growth 
annealing.
Wang et al [60] deposited DAC films using an ion beam assisted deposition (IBAD) 
system and simultaneously bombarded the films with Ne ions over a range of energies 
from 0 to 400 eV. Raman analysis showed that the sp3 content of the film was greatest 
for the 200 eV ion bombardment (also greatest amount of defects in material). This 
high sp3 DLC film was FE tested by measuring the emission current and threshold 
fields as low as 2.6 V/pm were recorded. The authors speculated that a 2-stage 
emission process was involved where electrons were transported through the film 
along graphitic conducting channels and then could “hop” onto a diamond-like cluster 
and be emitted due to NEA.
Johnston et al [61] deposited DAC films on Cr/Si substrates using pulsed IBAD. 
Depositions were made with the substrates held at different distances from and angles 
to the graphite target and subsequent Raman analysis indicated to the authors that this 
procedure had resulted in different sp2/sp3 contents. FE testing was performed on the 
DAC film that exhibited the largest sp3 content by measuring the emission current 
using a probe anode of 2 mm diameter. Threshold fields of 10 V/pm were measured 
and the data appeared to fit a FN plot.
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May et al [62] studied the FE properties of PECVD DAC films on Si substrates by 
measuring the emission current with a flat W anode. The authors noted a conditioning 
process in the FE characteristics. Scanning electron microscopy (SEM) analysis 
showed the formation of craters and in some cases the underlying substrate was 
exposed. The types of cratering was found to change with the film deposition power, 
it was speculated that this may be due to changes in film hardness.
2.5.3.4 Tetrahedral amorphous carbon
Hart et al [63] deposited tetrahedral a-C (TAC) films in a filtered cathodic vacuum arc 
(FCVA) system on a variety of substrates including; Si (with a selection of doping 
profiles), W, Ti, Al and Cu. FE testing was carried out by measuring the I-V 
characteristics across a 50 -  100 pm gap in a vacuum of 1 x 10'7 Torr. An ITO/glass 
anode was used in a plane-to-plane geometry with the film. The authors did not report 
any correlation between FE and substrate material or Si substrate doping.
Satyanarayana et al [64] used a FCVA system to grow TAC films on n-Si substrates 
with deposition energies ranging from 20 to 320 eV. They measured the FE properties 
by measuring the emission current using a plane-to-plane electrode set-up with an 
ITO/glass anode. The threshold fields and the sp3 fraction were then plotted as a 
function of deposition energy. Et exhibited values between 22 and 8 V/pm with the 
lower values of Et occurring around a local minimum in the deposition energy of 
approximately 100 eV. The sp3 fraction varied from about 0.2 to 0.8 and exhibited a 
local maximum close to 100 eV. The authors suggested that the correlation between 
high sp3 content and low threshold fields was due to the increased presence of 
diamond-like structures that could emit easily, relative to graphitic sp2 inclusions,
because of their reported NEA [32]. The creation of high defect densities where the 
material had the greatest sp3 content, whose defect concentration varied 
proportionately with sp3 content, was not noted nor considered as a possible reason for 
the variation in Et.
A similar study was performed by Cheah et al [65] where they deposited FCVA TAC 
on p^-Si substrates for a range of carbon ion energies from 20 -  500 eV. Electron 
energy loss spectroscopy (EELS) was used to establish the sp3 content of the films and 
showed a local maximum of approximately 85 % at close to a deposition energy of 100 
eV and a reduction for greater or lesser energies. The emission current as measured 
using an ITO/glass anode yielded Et values of around 18 V/pm at a local minimum 
situated close to 100 eV, the value of Et rose for greater or lesser deposition energies.
As part of a study by Forrest et al [18] Cheah and Shi tested the FE properties of 
FCVA TAC:N grown on rif+ -Si with the carbon and nitrogen both deposited at an 
energy of 100 eV. These films were grown at different thickness’, from approximately 
10 to 90 nm. FE testing was performed by measuring the emission current in vacuum 
and the Et values ranged from approximately 20 to 7 V/pm with the lowest values 
occurring around a local minimum at around a film thickness of 30 nm. These results 
were qualitatively explained in terms of the space charge induced band bending model 
described earlier in this chapter. Zhao et al [66] grew TAC films for different 
thickness’ over the range 10-300 nm on Si substrates. They deposited their films at 
room temperature with a carbon ion energy of 200 eV. The emission current was 
measured using a flat metal anode and the threshold field at 1 nA was found to be 
approximately 8 V/pm with no significant film thickness dependence. While these two
TAC thickness studies appear contradictory it is important to realise that the 
substrates, deposition conditions and nitrogen content were different for these studies. 
This, of course, means that the samples tested were widely different and it is no 
surprise that their emission characteristics are dissimilar.
Talin et al [25] studied the effects on the FE properties of TAC films as a function of 
nitrogen incorporation. Pulsed laser deposition was used to grow the films on p-Si 
substrates. The nitrogen was incorporated by depositing the films in a nitrogen 
atmosphere. I-V measurements were taken across a vacuum gap (better than 2x1 O'9 
Torr) using a probe anode with a radius of curvature of 50 pm in a sphere-to-plane 
configuration with the film. The TAC:N films exhibited significantly lower threshold 
fields than the TAC films. SEM analysis showed the existence of craters after 
emission. The authors speculated that the craters were the results of a surface 
discharge caused by impact ionisation. The emission was explained as being due to a 
FN mechanism, aided by a high geometrical field enhancement factor provided by the 
crater edges. The difference in emission between the TAC and TAC:N was thought to 
be due to the TAC:N films having a higher impact ionisation cross section and 
therefore facilitating the creation of the craters. Shi et al [67] too studied the FE 
properties of FCVA-deposited TAC on n^-Si substrates, grown with and without 
nitrogen. Their results also indicated a better FE performance for the TAC:N films.
Cheah et al [68] nitrogen doped FCVA TAC by introducing ionised nitrogen gas into 
the chamber during deposition using an ion gun onto p-Si substrates. AFM and optical 
analysis showed that the films became rougher (0.2 -  0.4 nm) and the band gap fell 
(2.4 -  1.1 eV) as the nitrogen flow rate was increased ( 2 - 1 0  seem). The electron
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field emission current measurements showed a drop in Et from 30 to 10 V/pm. The 
authors used a space charge induced band bending model to explain their results. Here 
the TAC:N film becomes fully depleted and under the influence of an externally applied 
field the resultant band bending close to the p-Si/TAC:N interface becomes so 
pronounced that electrons can tunnel from the substrate into the conduction band of 
the TAC:N. These electrons can then become hot due to the exaggerated band 
bending and be escape into vacuum. Satyanarayana et al [64] too prepared TAC:N 
films on n-Si substrates using a FCVA system and bleeding in nitrogen gas. The values 
of Et versus nitrogen % exhibited a minimum of 3-5 V/pm at a nitrogen content of 0.4 
%. For a greater or lesser nitrogen content the threshold fields steadily rose. The 
authors concluded that the initial reduction in Et with nitrogen content was due to 
doping effects, but at around 0.4 % nitrogen the film starts to graphitise which 
degraded the emission properties of the films.
As part of their study on the FE properties of FCVA deposited TAC, Shi et al [67] 
studied the effect of a surface treatment on these films. Films were subject to a surface 
ion treatment using hydrogen, oxygen and argon ions. The FE results indicated an 
improvement in the FE performance, as indicated by lower threshold fields and 
increased emission currents, for the ion treated films. This improvement was 
independent of the ion species used. FE testing using a phosphor anode indicated that 
this improvement was accompanied by an increase in emission site density. Reflection 
electron energy loss spectroscopy (REELS) and STM analysis provided evidence that 
the TAC surface was transformed into segregated sp2 and sp3 regions. The authors 
proposed that the observed improvement in emission was due to the formation of an 
intermediate potential step formed at the sp2/sp3 boundaries. Hart et al [63] performed
a similar study to that of Shi et al, etching the FCVA deposited TAC films film 
surfaces with oxygen, hydrogen and argon plasmas. Results showed a reduction in 
threshold fields for all types of plasma. The emission images produced indicated that 
the plasma treatment had increased the emission site density by at least an order of 
magnitude but AFM analysis did not indicate any changes in surface roughness. The 
authors speculated that the plasma-induced reduction in threshold fields was due to the 
increase in emission site density through chemical alterations to the TAC film surface.
Ferrari et al [69] used a FCVA system to grow TAC on n^-Si substrates. These films 
were subsequently annealed under vacuum for a set time but at different temperatures. 
The FE characteristics of these films were evaluated by measuring the emission current 
using an ITO/glass anode. Threshold field values (defined by the authors as the 
applied electric field required to produce a current density of 1 pA/cm2) lay between
7.5 and 9.7 V/pm for an as-deposited film and films annealed at temperatures between 
480 and 670 °C. The authors could not identify any significant trend in Et with anneal 
temperature and concluded that the surface properties of TAC were “remarkably 
resilient to annealing”.
2.5.3.5 Amorphous carbon nitride
Chi et al [70] deposited amorphous carbon nitride (ACN) films in a helical resonator 
PECVD (HR-PECVD) system on Si tips for FE testing and planar Si for other 
characterisation work. The samples were then annealed in nitrogen ambient for 1 hr at 
temperatures ranging between 300 and 600 °C. For FE testing a planar anode was 
held 50 pm from the a-CN-coated Si tip in a vacuum better than 4 x 10'9 Torr. Results 
discussed for the films annealed at 600 °C sample showed a significant reduction in
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threshold field and increase in emission current compared to the as-deposited sample. 
Elastic recoil detection analysis (ERDA) indicated a loss of hydrogen and this was 
probably accompanied by, the authors speculated, an increase in graphitisation. The 
authors considered that the improvement in FE of the annealed ACN was due to the 
increased conductivity of the material.
2.5.3.6 Chemical vapour deposited diamond
Koenigsfeld et al [38] deposited CVD diamond films on n-type and p-type Si (both 
roughened by the ultrasonic agitation of diamond slurry) using a hot filament reactor. 
The FE performance of these samples was evaluated by measuring the emission current 
in a vacuum using a flat anode. Results showed much lower threshold fields for the 
film on n-Si than the p-Si (1 V/pm compared to 9 V/pm) and the n-Si sample 
produced emission currents 2 orders of magnitude greater than the p-Si sample over 
the whole range of applied electric fields. The authors used this data as evidence of 
the importance of the substrate/film barrier for FE from these materials. When the 
substrates were roughened with diamond slurry prior to a CVD diamond film being 
deposited in a hot filament CVD reactor, the results showed a considerable reduction 
in the threshold field for the roughened substrate samples (1 compared to 9 V/pm), but 
the characteristics appeared to follow a similar path for fields above 13 V/pm.
Lee et al [71] deposited CVD diamond on n-Si and n^-Si substrates using a 
microwave PECVD (MPECVD) system and tested the FE properties of these films by 
measuring the emission current using a flat ITO/glass anode. The film on the heavily 
doped substrate exhibited lower threshold fields (9.7 V/pm) compared to that on the
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lighter doped substrate (14.4 V/pm). The authors ascribed these changes in the 
threshold fields as being due to the differences in substrate conductivity.
Show and co-workers [36] deposited CVD diamond films on Si substrates using hot 
filament CVD. Source gases of CH4 and H2 were used with the concentration of CH4 
in the H2 varied between 0.5 and 5 %. Electron paramagnetic resonance (EPR) was 
used to investigate the defect structure of the films and showed that the defect density 
rose from 1017 spins/cm3 for the lowest H2 concentration to 1018 spins/cm3 for the 
highest H2 concentration. The FE performance of the films was evaluated by 
measuring the I-V characteristics across a 200 pm gap in a vacuum of approximately 
lxlO'6 Torr, the geometry and material of the anode was not stated. The results (for 
CH4 deposition concentrations of 0.5, 1 and 5 %) showed that the emission current 
increased with CH4 concentration. The authors presented the correlation between 
improving FE performance and increasing defect density as evidence for an emission 
mechanism where electrons are transported through a defect induced energy band 
within the diamond.
Okano et al [40] used a hot filament CVD system to deposit CVD diamond films 
containing N, P and B on Si substrates. The FE properties of these films was 
evaluated by taking I-V measurements across a 50 pm gap (defined by glass fibre 
spacers) in a vacuum better than 5x1 O’7 Torr. An ITO/glass anode was used in a 
plane-to-plane electrode geometry. The resultant FE characteristics exhibited 
significant differences as a function of impurity species, for low thresholds and high 
emission currents, the N-impurity film was best followed by P then B. The authors
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argued that as all other film parameters, including surface morphology, were nominally 
identical it must have been the type of impurity that altered the FE behaviour of the 
CVD diamond films.
Fox et al [72] examined the effects of ion implantation on the FE performance of CVD 
diamond films. B ions were implanted into CVD diamond films under a variety of 
conditions. It was found that a substantial reduction in the electric threshold fields 
were achieved after the films were implanted and a further improvement was observed 
when the implanted sample had been subject to a rapid thermal anneal (RTA). The 
authors suggested that the anneal-induced improvement in the FE performance of the 
B-implanted film was due to dopants been activated rather than defects being pacified.
Fox et al [73] studied the effects of a Au coating on the FE properties of H2 plasma 
treated CVD diamond grown in a microwave PECVD system on n-type and p-type Si, 
details on the Au coatings were not included. The FE properties were evaluated by 
measuring the I-V characteristics across a vacuum (2x1 O'7 Torr) gap, maintained using 
20 pm diameter glass fibre spacers, using a copper or ITO/glass anode in a plane-to- 
plane electrode configuration. For both substrate materials the FE properties, as 
measured by their threshold electric fields, were degraded by the addition of the Au 
coating.
2.5.3.7 Nano-structured carbon
Zhu et al [47] deposited single wall nanotubes (SWNT) on Si substrates using laser 
ablation. FE testing was performed by making I-V measurements across a gap in a 
vacuum of 1 x 10'8 Torr using a spherical Mo anode in a sphere-to-plane configuration
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with the SWNT film. Results indicated a threshold field for a current of 1 nA of 1.7 
V/pm. The phosphor anode images of well-defined rings led the authors to believe 
that the emission emanated from the circular end of the tubes. Obraztsova et al [74] 
also deposited SWNT using laser ablation, using copper foil as the substrate material. 
The FE testing was performed by measuring the I-V characteristics over a vacuum gap 
using a flat tungsten anode. They achieved threshold fields of 0.75 to 2 V/pm.
Kiittel et al [75] deposited SWNT on Si substrates using MPECVD, with Ni and Fe 
catalysts. They performed FE tests by measuring the I-V characteristics of the samples 
across a vacuum with a spherical steel anode of 4 mm diameter. They measured 
threshold fields of 1.5 V/pm and found the data fitted a FN plot and concluded that the 
emission was probably due to field enhancement at the tips. Ma et al [76] also grew 
nanostructured carbon by this method. They incorporated nitrogen and the resulting 
structures were reported to be ‘bell-shaped’. They tested the emission properties by 
measuring the emission current as a function of the applied voltage using a flat 
phosphor anode and recorded Et values as low as 1 V/pm. The emission was stable for 
periods of hundreds of hours. The authors concluded that the very low values of Et 
were probably due to surface morphology and the presence of nitrogen. Stammler et 
al [77] used MPECVD to grow carbon nanotubes (CNT) on Si substrates with an Fe 
catalyst. They evaluated the FE properties of the films using a field emission 
microscope and measured threshold fields of approximately 9 V/pm. They also 
reported the need for conditioning of the CNT films. Nanocrystalline diamond films 
tested for comparison gave Et values of 55 V/pm. The authors concluded that the 
observed emission from the CNT was due to FN tunnelling at the front surface. X. Xu
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and G.R. Brandes [78] used CVD to grow CNT on a-SiC coated Si substrates using an 
Fe film catalyst. The FE properties were evaluated by measuring the I-V 
characteristics across a vauum gap with a spherical W anode of 100 pm diameter. 
They measured Et values between 1 and 5 V/pm, achieved stable emission over a 
period of “several hours” and noted that the initial voltage ramp was “noisy”. They 
also observed light emission during FE testing. A FN analysis exhibited a linear low 
field trend and a high field saturation region. The authors used the light emission and 
FN saturation as an indication that localised traps were present at the emitter tips.
Various authors have grown nano structured carbon using cathodic arc deposition 
(CAD). Yumura et al [79] deposited multi-wall nanotubes (MWNT) using this method 
and examined the emission pattern produced by these films. They found bright spot 
emission that was stable for over 5000 hours. The authors used this stability as 
evidence that this material was suitable as a practical electron source. Wang et al [80] 
tested the FE properties of CAD nanotubes, aligned in the same direction, by 
measuring the emission current across a vacuum gap using a plane tungsten anode. 
They established the gap by means of direct observation with a CCD camera. 
Threshold fields as low as 0.8 V/pm were measured. Dimitrijevic and co-workers [81] 
used CAD to grow MWNT and some were then coated with TAC. The emission 
current was measured using a metal conical anode with a radius of curvature of 620 
pm. It was found that the non-coated MWNT yielded Et values of approximately 2.5 
V/pm, the TAC coated MWNT gave 1.5 V/pm. The authors explained this disparity 
as being due to an uneven TAC coverage and the inhomogeneous sp3 content causing 
additional field enhancement.
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Amaratunga et al [82] used FCVA to deposit carbon nanoparticles within an a-C 
matrix. The nanoparticle formation was encouraged by introducing He or N2 into the 
deposition chamber. The FE measured electric current for different applied electric 
field (I-E) characteristics of the films grown in N2 and He were markedly different. 
The nitrogenated samples exhibited FN-type behaviour while the non-nitrogenated 
films did not. The authors compared this data to that from MWNT and SWNT films 
deposited using a different, catalytic method and found that, like the nitrogenated 
nanoparticle films, the emission was markedly FN with field enhancement factors of 
1800-1900. This similarity in emission between the CNT films and the 
nanoparticle/TAC:N matrix films was used as an indication that a common mechanism 
was responsible for the emission. As the NT films were likely to emit due to a FN-type 
mechanism, the nanoparticle/TAC:N matrix films were then assumed to emit due to a 
similar mechanism. However, while the CNT films were assumed to emit by means of 
a large geometric field enhancement factor at the end of conductive nanotubes along 
which electrons were transported from the substrate, this could not be the case for the 
the nanoparticle/TAC:N matrix films. These films would not have a continuous 
nanotube path from the substrate to the film surface, the authors described the electron 
path through the film as a series of nanotube-TAC:N heterojunctions and invoked a 
space charge controlled band bending model [26] to account for the electron transport. 
This mechanism would allow the relatively facile transport of electrons compared to 
the case where the carbon matrix was non-nitrogenated. SEM and AFM work showed 
that the nanoparticles did not protrude through the a-C:N matrix and hence the 
electrons must be emitted through a thin a-C:N layer.
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Ma et al [83] (ethylene), Davydov et al [84] (acetylene) and Chemozatonskii et al [85] 
(polythene) all deposited NT films by pyrolising hydrocarbons. They evaluated the FE 
properties by measuring the emission current using a flat anode, a 3 terminal set-up 
with Cu extraction grid and ITO collector, and a 1 mm diameter Au spherical anode, 
respectively. Ma measured a threshold field of 14 V/pm (at 0.1 mA) and 
Chemozatonskii found a threshold field of 4.5 V/pm (at 1 nA) for their randomly 
orientated nanotubes. In the study by Davydov two different types of NT film had 
been grown, one with aligned nanotubes and one with randomly orientated nanotubes. 
They found threshold fields of 36 and 3 V/pm, respectively. The authors explained 
this disparity in the Et values in terms of the surface density of field emitting tips using 
SEM images to illustrate the point.
2.5.4 Silicon-based thin films
2.5.4.1 Introduction
Silicon has proved its worth as an electronic material over many years. When 
techniques were developed to allow the fabrication of electron emitting tips from 
silicon [12] it was logical and inevitable that a considerable effort was put into 
developing this technology for practical field emitters [86] from silicon-based materials 
[87-89]. The discovery of low-field electron emission from flat carbonaceous films has 
led to a re-examination of FE from silicon to ascertain whether this established and 
reliable material could be used as a thin film emitter. This section examines the 
reported studies of FE from silicon-based thin films.
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2.5.4.2 Hydrogenated amorphous silicon
Joag et al [90] performed a study on the effects of annealing and exposure to light on 
hydrogenated amorphous silicon (a-Si:H) films deposited on tungsten tips using a 
PECVD system, the emitters were then annealed at 150 °C for 1 hr (the authors 
neglected to specify the atmosphere). The FE properties of the samples were 
evaluated by measuring the I-V characteristics across a vacuum better than 3 x 10'9 
mbar. Details of the anode were not reported. An in-situ 500 W light source was used 
to illuminate the a-Si:H films. Measuring the emission current as a function of time, 
the current grew steadily when illuminated - increasing by a factor of 4 when exposed 
to light for approximately 4 mins. When the illumination was removed the current 
appeared to degrade at the same rate towards its initial ‘dark current’ level. For longer 
exposure to light (hours), the emission current increase with time became greater, or 
‘accelerated’. For these extended periods of illumination the effect was not reversible 
and when the illumination was removed the ‘dark current’ remained at the same level 
as ‘light current’ was just before the light was extinguished, and did not return to its 
initial level. However, if another anneal was performed the original ‘dark current’ level 
was regained. The authors explained the reversible effect as being due to a light- 
induced polarisation of the a-Si:H that would result in a positive charged surface layer 
and enhanced emission current, on removal of the illumination the polarisation would 
disappear and the current would return to its initial value. Where the emitters were 
exposed to longer periods of illumination, the non-reversible improvement in the 
emission current was explained as being due to the creation of defect states between 
the conduction and valence bands [91] from which electrons could tunnel out through 
a FN-type film-vacuum barrier. The retrieval of the initial current level after annealing 
was explained by the defects being ‘annealed out’.
2.5.4.2 Amorphous silicon carbide
Kleps et al [44] deposited a-SiC and DAC films on p-Si tips using liquid phase CVD 
(LPCVD) and PECVD systems respectively. FE properties were evaluated by 
measuring the I-V characteristics across a 1 x 10'8 Torr vacuum gap. The results 
indicated that the FE performance of the a-SiC/p-Si tips were significantly better than 
that of the DAC/p-Si tips.
2.5.4.3 Porous polycrystalline silicon
Komoda et al [92] grew 1.5 pm undoped porous polycrystalline silicon (PPS) on n-Si 
substrates using LPCVD and then a 10 nm thick gold layer was deposited on the film. 
For FE testing the device was electrically connected in a 3-terminal configuration. A 
positive bias voltage was applied to the gold top contact with respect to the back 
contact with a fixed voltage of +100 V applied to the anode (with respect to the gate 
potential). Testing was performed at 10'5 Pa. For a forward bias of 8 V an emission 
current density of 10'11 A/cm2 was detected, increasing to approximately 10'5 A/cm2 at 
a forward bias of 20 V. A lifetime test exhibited no significant variation of the 
emission current with time over a two minute interval. A FN plot for this device 
yielded a strong linear relationship that was evidence of field-induced tunnelling. The 
observed emission was explained as being due to electrons being thermally injected 
from the n-type substrate into the PPS layer, tunnel between the silicon crystallites in 
the PPS layer and then drifting under the influence of the resultant high local electric 
field towards the top contact. Some of these electrons could become hot and excite 
other electrons in the PPS causing a cascade effect. The electrons are assumed to pass 
through the thin gold layer into vacuum.
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2.5.5 Boron nitride
The energy spectra of amorphous BN films deposited by electron beam evaporation 
and laser ablation onto Si substrates were studied by Powers et al [33]. UPS was 
used to measure the energy spectra of emitted electrons. Results indicated a NEA for 
the e-beam deposited films but an electron affinity of approximately 2 eV for the laser 
ablated films. The authors speculated that the difference in electron affinity between 
films deposited by these 2 methods could be due to differences in surface termination.
Jayatissa and co-workers [93] studied the effects of substrate bias (0 or -200 V) 
during the laser ablated deposition of amorphous BN films on n-Si tips for electron 
emission experiments and other substrates for characterisation work. The FE results 
indicated a marked reduction in Et for the films deposited at a substrate bias of -200 V. 
A FN plot exhibited approximately linear trends which yielded work function values of 
3.8 and 2.5 eV for the 0 and -200 V deposited films respectively. The p value used 
was calculated from a FN plot for uncoated Si tips using a work function value of 4.05 
eV. Reflection high energy electron diffraction (RHEED) indicated that the -  200 V 
deposited films contained an increased c-BN phase. The authors concluded that FN 
tunnelling was the dominant emission mechanism.
C-doped polycrystalline BN films were grown by reactive magnetron sputtering on 
untreated and roughened Mo substrates by Pryor et al [94]. The substrate roughening 
was carried out using a beadblasting technique with silicon oxide beads. The samples 
tested were bare untreated Mo, bare beadblasted Mo and BN coated beadblasted Mo. 
The FE performance, as gauged by the threshold electric field, improved with substrate 
roughening and increasingly so for the BN coated sample. The authors interpreted the
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results in terms of the roughening process causing higher p factors and more emission 
sites, and a reduction in the work function for the BN coated sample.
Yokota et al [95] deposited polycrystalline BN films on Si substrates using PECVD, 
some of which were then subject to a H2 or a BCI3 + N2 plasma. Results showed that 
lower threshold fields (here defined at 10'11 A) occurred for the plasma treated films, 
the H2 plasma treatment providing the lowest. UV photoemission indicated that the 
BN film subject to the H2 plasma exhibited NEA, whereas the as-grown film did not. 
The authors concluded that, as both plasma treatments improved emission, the plasma 
treatment roughened the film surface causing higher p values. Sugino et al [48] 
studied the effects of an 0 2 plasma on PECVD polycrystalline BN films grown on n-Si 
substrates. The results did not indicate any significant difference in the threshold 
electric fields for the untreated and 0 2 plasma treated films, however the plasma 
treated film exhibited a greatly reduced hysterisis in the I-V characteristics. The 
authors speculated that the hysterisis could be due to surface contaminants that were 
expelled after emission. Whereas, if the film was exposed to the plasma these 
contaminants were removed prior to emission.
2.5.6 Aluminium nitride and aluminium gallium nitride
Sowers et al [96] compared the FE properties of AIN and Al-GaN on n-6H-SiC 
substrates using metal organic CVD (MOCVD). These cold cathodes were fabricated 
as 3-terminal devices with an Al grid evaporated on a Si02 layer that was grown on the 
films. The films were then subject to a H2 plasma. FE testing was performed using a 
probe as the collector electrode (so that emitters could be tested singly), held at a 
constant positive bias, and the emission current was measured as a function of the grid
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voltage. The I-V characteristics indicated that, for a given grid voltage, the AlGaN 
cathodes yielded a higher emission current than the AIN cathodes.
2.6 Summary
From the ‘brief history’ it can be seen that that phenomena of electron field emission 
has been studied for over a century. In the ‘modelling’ section we have seen that a 
plethora of mechanisms are being used to explain the observed FE. And, from the 
main body of the review it is seen that much research is still being conducted into FE 
from amorphous semiconductors.
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CHAPTER 3 
EXPERIMENTAL TECHNIQUES
3.1 Introduction
In this chapter the basic concepts of the experimental techniques used in conducting 
this research are described. These techniques are addressed in the order in which they 
are used i.e. film deposition, post-deposition treatment, characterisation and field 
emission testing.
3.2 Film deposition
3.2.1 Radio frequency plasma enhanced chemical vapour deposition of
hydrogenated amorphous materials 
3.2.1.1 Deposition method
Radio frequency PECVD (rf-PECVD) [1] is based on the principle that a radio 
frequency voltage applied between two parallel electrodes (one earthed, one powered) 
can liberate electrons from their host atoms in a gas present between the electrodes 
forming a plasma composed of electrons and ions. These reactive species can then 
interact with each other as well as being directed towards a substrate to form a film. 
Advantages of this deposition system include; availability of very pure source 
materials (gases), low temperature operation, many variable deposition parameters 
and good uniformity over large areas. A rf-PECVD system is shown in figure 3.1.
Because of their relatively small mass, the electrons gain practically all the kinetic 
energy from the plasma. The relatively energetic electrons and the electrical
asymmetry of the system results in the formation of a negative dc self bias at the
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powered electrode. a-C:H films grown on these different electrodes have been 
reported to have different properties, in particular Khan et al [2] reported changes in 
the optical band gap and refractive index as a function of deposition electrode.
Varying the deposition pressure varies the mean free path for the ions, lower pressures 
resulting in longer mean free paths and more energetic ions bombarding the substrate. 
Varying the rf deposition power will vary the self bias, higher powers resulting in 
greater self biases and also (for films deposited on the driven electrode) result in a 
more energetic ion bombardment due to the increased electric field. At both lower 
pressure or high powers the increased ion energy results in a more dense and defective 
film. The high dc bias is required in order to increase the C-C sp bond ratio. But 
beyond an optimum self bias value (where C+ ions have an energy close to 100 eV) 
the high energy species introduces graphitic regions into the a-C [3]. Altering the 
deposition power has also been shown to change the growth rate and refractive index 
of the films [4].
Impurities can be introduced into PECVD films by adding extra feed gases, for 
example Khan et al [2] reported the doping of a-C:H by the addition of nitrogen and 
were able to alter the electrical conduction, optical band gap and refractive index. It 
was thought that these changes were caused by the passivation of defects and 
graphitisation. In their work on a-Si:H Chittick et al [5] used phosphine gas to 
introduce phosphorus into their films and also reported doping effects.
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Figure 3.1. A radio frequency plasma enhanced chemical vapour deposition system.
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3.2.1.2 Hydrogenated amorphous carbon
For a-C:H, it is the decomposition o f a hydrocarbon with or without another gas that 
is used in the deposition o f these films. In the current studies the gases used were 
methane and helium, the helium being used to encourage the dissociation o f  the 
methane and to reduce the damage in the growing film. In a-C:H the hydrogen has 
been thought to terminate dangling bonds and reduce the defect density. For a-C, that
• • •  • * 1 2 3can exist in different stable bonding configurations (sp , sp and sp ) [6] and have 
different formation energies, the effect o f changing the deposition ion energies can 
also effect the relative proportions o f these allotropes. The a-C:H films tested in this 
research were deposited using an in-house Plasma Technology DP800 rf-PECVD 
system.
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3.2.1.3 Hydrogenated amorphous silicon
Non-hydrogenated a-Si contains so many defects that it is of little use as a 
semiconductor material [1]. It was Chittick et al [5] who first demonstrated the 
deposition of rf-PECVD a-Si:H from silane and reported doping and other useful 
properties. As for the case of a-C:H, the addition of atomic hydrogen into the a-Si 
had the effect of terminating the broken Si bonds, but much more efficiently, that 
were responsible for the high defect density in the non-hydrogenated material.
3.3 Post-deposition treatment
3.3.1 Thermal annealing
Thermal annealing is a technique where a material is subject to elevated temperatures 
where the temperature, time and atmosphere are controlled. Thermal annealing has 
been reported to effect the properties of amorphous semiconductors including defect 
density, optical band gap and allotropy [2,7,8]. In this research the annealing was 
performed in an in-house constructed computer controlled 8 lamp rapid thermal 
annealer (RTA). Heat was provided by 8 halogen lamps and anneals and could be 
performed in a nitrogen flow.
3.3.2 Current stressing
The often reported FE phenomena of conditioning [9,10] has been reported many 
times, and, in certain cases attributed to electrically induced changes within the 
emitter at the onset of emission [11]. Current stressing is a technique by which this 
process is simulated so that when FE testing is performed changes in the conditioning 
process between stressed and unstressed emitting films can be ascertained. This
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procedure could then provide information on the nature of the conditioning 
mechanism.
The current stressing was performed using a GEPL logic pulse generator that could 
produce manually triggered positive and negative square voltage pulses. The applied 
voltage pulses were monitored using a Philips PM 3392 storage oscilloscope. To 
perform the current stressing the sample was mounted on the FE stage. The anode 
was brought down until it was in physical contact with the film surface, the ratchet 
mechanism on the micrometer head was employed to ensure that the force applied by 
the anode on the film was reasonably uniform. Metal foil was inserted between the 
anode and the film to ensure a good electrical contact.
The FE stage was not designed for current stressing experiments and raising the anode 
also resulted in some lateral motion. It could not be guaranteed that when current 
stressing was performed and the anode subsequently raised for FE testing that the 
anode was directly above the stressed area.
3.4 Film characterisation
3.4.1 Ellipsometry
Ellipsometry is an experimental technique that can be used to measure the thickness 
and optical constants of thin films on absorbing substrates [12]. This commonly used 
method of thin film characterisation utilises the fact that plane-polarised light incident 
on such a film/substrate will be shifted in amplitude and phase upon reflection. More 
specifically, the important ellipsometric property of this technique is that reflection
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from the sample changes plane-polarised light into elliptically polarised light and
vice-versa.
Figure 3.2. Schematic diagram of a Transitronics Ltd. Ellipsometer M k 2.
Helium neon Detector
Jaser
Compensator
Polariser
Analyser
Sample
For the ellipsometric measurements contained within this report a ‘manual null 
ellipso meter’ was used, produced by Transitronics Ltd. Ellipso meter Mk 2, figure 3.2. 
This ellipsometer uses the monochrome, unpolarised output from a 4 mW, red, 
helium-neon laser as the light source. After passing though a focusing lens (not 
shown on the diagram) the light is plane-polarised by the polariser and is incident on 
the compensator. The compensator (fixed angle) has the property o f changing the 
phase o f the different components o f  the incident light as a function o f the orientation 
o f the associated electric field. The effect o f  the compensator on polarised light 
passing through it is that it is converted into elliptically polarised light. The 
elliptically polarised light incident on the sample is then plane-polarised on reflection 
by the sample, passes through the plane-polarising analyser and finally reaches the 
photometer. It is then possible to extinguish the light at the detector by adjusting the 
analyser so that its plane o f  polarisation is perpendicular to that o f  the light incident
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upon it. It is then these polariser and analyser angles that are used to calculate the 
refractive index and thickness of the film. There is only a discrete set of angles at 
which this extinction occurs and they lead directly to the ellipsometric angles § and A, 
termed null values. These parameters are then used to evaluate the refrative index and 
thickness of the thin film.
3.4.2 Surface profilometry
Surface profilometry is a technique used to measure the morphology and film 
thickness of a solid. A surface profile measuring system works by moving a sample 
beneath a sharp stylus and any surface variations will cause the stylus to be translated 
vertically. This motion is converted into an electrical signal by a transducer and then 
used to construct a cross-sectional surface morphology plot. In this study a Sloan 
Technology Dektak IIA surface profile measuring system was used. This equipment 
was configured with a stylus of tip radius of 12.5 pm, a scan length of up to 30 mm 
and a vertical resolution of 0.5 nm. Samples to be tested were either partially masked 
during film deposition or an area of the film was removed. The film was then placed 
on the profilometer so that the scan would include areas with and without film 
material. From the resulting plot the difference in height between these regions was 
used to obtain the film thickness.
3.4.3 Optical absorption
Optical absorption [1] was used in this research to measure the band-gap of thin films. 
It is the optical transition of electrons from the valence band to the conduction band 
that accounts for most of the optical absorption in semiconductors. Light incident on 
a semiconducting film will be transmitted or absorbed as a function of the energy of
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the light (hv) and the energy band gap (Eg) of the material. If hv < Eg then electrons 
at the top of the valence band cannot be excited into the extended conduction band or 
its tail states and there will be little or no absorption. However, if hv > Eg then 
electrons can be excited into the conduction band and absorption can occur. The 
definition of Eg primarily used for this research is the Tauc gap, where a parabolic 
DOS is assumed and from this a nominal energy band gap can be calculated.
The optical measurements in this work were made using a Camspec M3 30 
spectrophotometer in the wavelength range 190-900 nm on films deposited on 7059 
Coming glass. Bare substrates were also subject to testing so that the absorption due 
to the glass could be subtracted from that due to the film-substrate sample.
3.4.4 Rutherford back-scattering spectroscopy
RBS [13] is an experimental method that can be used to evaluate the elemental 
composition as a function of depth for thin amorphous films. The origins of this now 
widely applicable technique can be traced back to the turn of the century at Ernest 
Rutherford’s laboratory at Manchester University [14]. A schematic diagram of a 
RBS system is shown in figure 3.3. A beam of energetic ions, usually He+ or He**, 
are directed onto the target sample. Detectors then measure the energy, at a given 
deflection angle, of the back-scattered particles. This data was then used to give 
information on the elemental composition within the sample.
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Figure 3.3. Schematic diagram of a Rutherford back-scattering spectrometry 
system.
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3.4.5 Scanning electron microscopy
SEM [15] can detect and visually display spatially resolved information on the 
morphology and composition of non-insulating surfaces. The SEM is commonly used 
as a powerful microscope with a magnification of up to 105. Figure 3.4 shows a 
schematic diagram of an SEM. An electron gun produces electrons that are focussed 
into a tight beam using electronic lenses and then scanned across a sample using 
electromagnetic deflection coils. Back-scattered or secondary electrons produced 
from the sample are collected by a detector that produces a signal that is a function of 
the number and/or energy of these electrons. This signal is amplified and used to 
modify the electron beam strength of a CRT that is running in synchronism with the 
scanning mechanism of the SEM electron gun. The image from this CRT is then a 
spatially resolved visual display of the signal strength of the electrons that have been 
back-scattered or produced by the sample. The image can represent, depending on
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the type and configuration of the particular instrument, the surface morphology, 
chemical composition, crystal orientation or electron affinity of the specimen.
Figure 3.4. Schematic diagram of a scanning electron microscope.
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3.4.6 Atomic force microscopy
AFM [16] is a technique that measures the surface topography of a solid (or liquid). 
A sharp stylus (= 100-200 pm in length, and =10 nm in diameter) is supported by the 
free end of a cantilever. The stylus is held over the sample surface at a distance of 
between a few and a few hundreds of angstroms, depending on the particular mode of 
operation being employed (contact, non-contact or intermittent contact). Forces, 
predominately Van der Waals interactions, between the sample surface and the stylus 
cause a deflection in the cantilever. The deflection in the cantilever is measured, 
usually by an optical detection system, the deflection can then be related to the stylus- 
sample force, separation, and finally, the sample surface morphology. A computer 
controlled XYZ positioning system allows the stylus to be scanned over the surface of
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the sample and a surface morphology map to be constructed. Figure 3.5 shows the 
operation of a simple AFM.
Figure 3.5. A schematic diagram of an atomic force microscope in contact mode 
with an optical detection system.
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3.5 Field emission testing
The experimental method used for measuring the FE properties of the emitters studied 
in this research was to measure the emission current from a sample when an external 
voltage was applied. This was achieved by making I-V measurements across a 
vacuum gap. The experimental set up is shown in figure 3.6 ( the PTFE referred to is 
a highly insulating plastic - polytetrafluoroethylene). The vacuum was produced 
using a rotary-diffusion pump system. The applied voltage was supplied by a Wallis 
5 kV voltage supply and a Hewlett Packard 3457A multimeter was used to measure 
the emission current. A PC was used to run a program to control the applied voltage 
and measure the emission current. The Turbo Pascal software (appendix A) was 
specifically created for this equipment and used the following input variables:-
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a) maximum voltage - the program would increment the voltage to this value 
and then reduce it to zero.
b) maximum current - if a current greater than this was measured, as the 
voltage was being increased, then the voltage would be stepped down - as 
for the ‘maximum voltage’. This was to try and protect the film cathodes 
from excessive currents.
c) voltage step size - for the voltage to be stepped up by the minimum 
available value of 15 V, allowed to settle and for the current measurements 
to be taken took approximately 10 seconds. While this was desirable when 
significant current values were being detected, at negligible current levels 
this level of measurement resolution was unnecessary and time inefficient. 
A solution was to have two different voltage step sizes, one at the lowest 
possible value of 15 V to acquire as much data as possible, and another 
larger value (the ‘voltage step size’ value) to shorten the time of an 
experiment. The current threshold at which the step size changed from 15 
V to ‘voltage step size’ was set at 5 nA.
d) maximum number of cycles if maximum current is not reached - it was 
conceivable that it might be useful to cycle the voltage a number of times 
when emission was not initiated on the first ramp. This variable allowed 
this to be performed.
e) number of cycles to be performed after maximum current reached - as the 
nature of the I-V plot typically changes with successive cycles after 
emission has been initiated, then a number of cycles required to establish a 
picture of the emission characteristics of the sample. Too many extra 
voltage ramps would be unnecessarily time consuming and could lead to
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damage being caused to the film. This variable allows the required 
flexibility in this for different sample types.
An RC smoothing circuit, using 2 resistors and a capacitor with values 30.3 kQ and 
25 qF, was used to eliminate the sharp edge from the voltage step and produce a 
smoother transition in the V-t characteristics (appendix B).
A ‘sphere to plane’ system was chosen so that the field enhancement due to edge 
effects that were associated with the previous arrangement were avoided. A 
schematic diagram of this sample mounting stage is shown in figure 3.6. The 5 mm 
diameter stainless steel spherical anode was suspended in a holder above the sample 
in such a manner as to ensure electrical isolation between the anode and sample. The 
anode was supported by a micrometer head so that there was a control and knowledge 
of the anode/sample spacing.
Figure 3.6. Schematic diagram of field emission test equipment.
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Samples for FE testing were cleaned (acetone, methanol and de-ionised water for 
carbon and buffered hydrofluoric acid for silicon) along with a new anode before 
loading into the FE stage. The anode was then carefully brought down to contact the 
film surface and then raised to the required height (usually 40 pm from the film). The 
FE stage was then loaded into the vacuum chamber and the chamber evacuated to a 
pressure of 5x 1 O'6 mbar. The power supply and pc would then be switched on and the 
program initiated. After the test the anode was lowered once more to the touch the 
film surface to ensure a correct height had been recorded the first time.
3.6 Summary
In this chapter the experimental techniques used in this research have been described. 
These techniques were divided into four categories; deposition, characterisation, post­
deposition treatment and FE testing. The development of the FE testing system used 
in this work and the software test routine written specifically for this purpose has been 
described.
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CHAPTER 4
RESULTS AND ANALYSIS OF CARBONACEOUS
FILMS
4.1 Introduction
In this chapter the FE results obtained for carbonaceous films are presented, analysed 
and finally discussed. The motivation for each set of experiments is explained, 
experimental details summarised, results presented, analysis performed and 
conclusions drawn. Finally, a general discussion, conclusion and summary for these 
films are presented.
4.2 Emission as a function of deposition pressure
As discussed in chapter 3, one method of altering many of the physical properties of 
a-C:H films, grown in a PECVD system, is to vary the deposition pressure. This set 
of experiments was performed so that the FE properties of a-C:H films could be 
considered alongside the different physical characteristics produced by depositions at 
different pressures. The data is used to provide information on the emission 
mechanism.
The a-C:H films were deposited using a capacitively coupled 13.56 MHz RF-PECVD 
system, not the in-house equipment discussed in chapter 3 but a similar system. The 
films were grown on silicon and quartz substrates using feed gases of methane ( 2 0  %) 
and argon (80 %) with a DC bias o f-100 V on the driven electrode. The deposition 
pressure was varied between 100 and 1000 mTorr. Characterisation of these films
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was performed using UV-visible optical absorption (UV-VIS), ellipsometry, ERDA 
and RBS. FE testing was performed using the manual experimental set up, plane-to- 
plane electrode configuration described in chapter 3. PTFE spacers of 50 pm with a 
0.05 cm2 macroscopic emission area were employed. Results of the characterisation 
of these a-C:H films are displayed in table 4.1 for the four different deposition 
pressures employed. Figure 4.1 shows a typical emission current-macroscopic applied 
electric field (I-E) plot for the a-C:H films grown as a function of deposition pressure. 
Et as a function of deposition pressure is shown in figure 4.2.
The limited number of samples in this series and the uncertainty in the values of Et, 
make it difficult to identify any trends in the data. There does, however, appear to be 
a general increase in Et with deposition pressure that correlates with a reduction in 
Tauc gap. Analysis performed by Robertson and Rutter [1] has shown that when the 
optical band gap of amorphous carbon is reduced the valence band level remains 
approximately unchanged and it is the conduction band that moves. This lowering of 
the conduction band with a narrowing of the band gap would also lead to a reduction 
in the barrier at the substrate-film heterojunction and, if a space charge controlled 
mechanism was responsible for the observed emission process, an increase in the 
threshold field would also occur. The high value of Et for the 300 mTorr sample, 
relative to the trend for the remaining films, is difficult to explain. This sample does, 
however, also have a value of refractive index that does not appear to fit in with the 
remaining samples which suggests that parameters other than deposition pressure may 
have been inadvertently changed for this film.
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Table 4.1. Characterisation results for the a-C:H films grown as a function of 
deposition pressure.
Deposition
pressure
(mTorr)
Tauc 
gap (eV)
Refractive
index
Film thickness 
(nm)
sp2 (%)
100 1.5 2.81 145 56
300 1.6 2.03 116 54
500 1.25 2.47 140 64
1000 1.1 2.07 240 56
Figure 4.1. Typical I-E plot for a a-C:H film from the deposition pressure series 
grown at a pressure o f 300 mTorr.
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A FN plot was constructed for these films using data obtained after conditioning is 
displayed in figure 4.3. I f  FN tunnelling was the dominant mechanism for these 
conditioned films, then a necessary (but not sufficient) condition is that the plotted 
relationship should be linear. Figure 4.3 at first glance appears to suggest such a 
relationship. To calculate values for the work function using the formula (equation 
2.8) described in chapter 3 a value for pR was required. Films similar to these have 
been shown to have RMS surface roughness values o f  less than 1 nm and therefore 
are considered to be ‘mirror flat’ with pR = 1. The FN calculated values for the work 
function are displayed in table 4.2 and are all less than an order o f  magnitude lower 
than the accepted value o f  approximately 2 eV and as such are not realistic.
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Assuming a work function o f  2 eV, Pp values were calculated and found to be in the 
range 65 -  1200.
Figure 4.2. Et as a function o f deposition pressure for a-C:H films.
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Figure 4.3. FN plot for the a-C:H films grown as a function of deposition pressure 
for the a-C:H films with computer generated trendlines.
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In conclusion, while the threshold field varies with deposition pressure, there is no 
definite relationship between the deposition pressure and the FE performance of these 
a-C:H films (see figure 4.2). This is mirrored by the absence of any clear correlation 
between the pressure and other measured parameters (table 4.1). While the FN plots 
(figure 4 .3 ) yield approximately linear relationships, the unrealistically small values 
calculated for the work functions/barrier heights (table 4.2) mean that it is highly 
unlikely that the emission is due to a front surface controlled FN-like mechanism. 
The plots in figure 4.4 do indicate that the emission current may be space charge 
limited within the film.
4.3 Emission as a function of film thickness for polymer-like 
amorphous carbon films deposited with little self bias
As the previous study (section 4.2) had indicated that the emission mechanism may be 
space charge limited within the film for a-C:H, a set of experiments to further explore 
this possibility was performed. While the current popular theories, such as FN [4], 
the Krauss model [5] (where emission is due to quantum effects from sp cluster 
edges) and the hydrogen termination model of Robertson [6 ] were not inherently 
thickness dependent, it was suspected that for a space charge controlled emission 
mechanism a film thickness dependence may be present. It was therefore decided to 
deposit and FE test a-C:H films as a function of thickness.
The a-C:H films were deposited on phosphorus doped, n-type, 1-2 Qcm, <100> 
silicon on the earthed electrode of the previously described in-house PECVD system 
at a pressure of 200 mTorr and a power of 200 W. A set of samples of different film 
thickness were grown by varying the deposition time for each sample. The thickness
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of the film on each sample was then measured using ellipsometry, to a precision of ± 
3 nm. Before and after field emission testing, the surface of the a-C:H films were 
imaged using a Cambridge Instruments Stereoscan 250 SEM. A set of similarly 
prepared samples were examined in an AFM.
The field emission properties of the a-C:H films were investigated using the computer 
controlled FE measurement system described in chapter 3 with the ‘sphere-to-plane’ 
electrode configuration and a 5 mm diameter stainless steel ball anode 40 pm from 
the film. Testing was performed on 5 different areas of each sample to gauge the 
repeatability of the results. Et was measured for these devices with a standard 
deviation of no more than 5 V/pm.
No morphological changes were apparent on the micron scale and no evidence of any 
difference in surface roughness between the different film thickness was detected. The 
similarly prepared films all exhibited RMS surface roughness values of less than 0.5 
nm with no discernible relationship between the thickness and roughness. A 
relatively high applied field was required for emission to be initiated for all the a-C:H 
films in the first cycle and a considerable hysterisis in the I-E characteristics was 
observed as shown by the typical I-E plot in figure 4.5. For successive voltage cycles, 
this hysterisis diminished with each successive cycle - a conditioning process. 
Typically, this hysterisis was no longer present after 2 or 3 voltage cycles. The 
conditioned electric field for these devices was measured and a standard deviation for 
the threshold electric field was no more than 5 V/pm. The threshold fields for these 
films are plotted in figure 4.6.
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Figure 4.5. Typical I-E plot for an a-C:H film (34 vm thick) from the film thickness 
series.
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Figure 4.6. Threshold electric field as a function of film thickness for the a-C:H
films.
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There is a considerable dependence o f E, on film thickness exhibited by these a-C:H 
films. More specifically, there is a minimum turning point in the threshold field with 
film thickness at approximately 60 nm. A FN plot (figure 4.7) using measurements 
from conditioned films was constructed for a selection o f the tested films. As Et 
varies as a function o f  film thickness, while the surface morphology o f  the films does 
not, FN would not appear to be the dominant emission mechanism. Values for the
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work function/barrier height, for pP = 1 and (3P values for (j) = 2 eV, were calculated 
using the FN formula described in chapter 3, these values are displayed in table 4.3.
Figure 4.7.
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FN plots for a selection o f  the a-C:H films grown as a function o f  film 
thickness, computer generated trendlines are also shown.
o  7 nm 
O 13 nm 
o  34 nm 
O 69 nm 
o  90 nm 
o 191 nm
©
5.0 7.0 9.0
104/V (1 0 4/V)
11.0
Table 4.3. W ork function values calculated from FN theory for the a-C:H films 
grown as a function o f  film thickness.
Film thickness 
(nm)
FN calculated work 
function for (3R = 1 (eV)
Value o f  (3Rto 
obtain = 2 eV
7 0.15 50
13 0.16 46
34 0.10 86
69 0.099 91
90 0.38 12
191 0.26 21
The ln(I)-ln(V) plot in figure 4.8 uses high-current data for different values o f  film 
thickness. For the films other than the 69 nm film, the data does appear to 
approximately follow a linear fit with gradients lying between 1.9 and 6.4. However, 
the 69 nm film data exhibits a much clearer linear fit with a gradient o f  1.7. It would 
be expected that current limiting would occur at the higher current values w ith a 
gradient o f between approximately 1 and 2, therefore it is likely that it is the 69 nm 
film that is exhibiting current limiting and the gradient o f  1.7 is close to the those
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predicted by Okano et al [2] and Lerner et al [3] for a SCLC mechanism within the 
film.
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It is possible to interpret the results achieved here in terms o f  a band bending model 
where electrons tunnel from the conduction band o f the n-doped silicon substrate into 
the highly curved conduction band o f  the a-C:H film. These electrons then become 
‘hot’ while traversing the film and possibly, depending on the film thickness, be 
energetic enough to overcome the surface barrier o f  the a-C:H films. It should also be 
noted that the only value available for the effective tunnelling mass o f  electrons in a- 
C:H is approximately 0.07 me [7] which may give rise to energy relaxation lengths 
(which are typically several mean free paths in magnitude) greater than those usually 
associated with amorphous materials. A possible trajectory for hot electrons 
generated by the presence o f  the highly curved local electric fields in the a-C:H is 
shown in figure 4.9. The rate o f electron energy loss to the lattice with thickness is 
taken as a constant to a first approximation in figure 4.9. The schematic path for 
electrons indicated by the dashed line is to illustrate that the emission from these films
4.8. An ln(I) -  ln(V) plot for the a set o f  conditioned a-C:H film grown as a 
function o f  film thickness.
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could occur as a function of film thickness. It should be noted that despite the loss of 
energy to the lattice with thickness, the electrons gain energy with respect to the 
conduction band at small values of thickness. It highlights the fact that there possibly 
is an optimum thickness for field emission threshold fields (case b) and that if the film 
thickness is too large (case c), the a-C:H films would not be fully depleted and 
therefore the energy loss of the hot electrons (relative to the conduction band) would 
be large and thus prevent them from escaping from the surface. If the film thickness 
is too thin (case a), electrons that are emitted from the heterojunction (thermally or by 
tunnelling) will not gain enough energy relative to the conduction band for them to be 
able to surmount the emission barrier to vacuum. This variation of the threshold field 
with film thickness is observed in the experimental data (figure 4.6).
Figure 4.9. Reduced energy band diagram for a thin a-C:H film on an n-Si substrate 
illustrating a possible hot electron emission model.
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In conclusion, as discussed in the introduction to this section, the ‘sp2 cluster edge’ 
model and the ‘hydrogen termination’ model are not inherently thickness dependent. 
It is therefore unlikely that these models are responsible for the highly thickness 
dependent emission observed from these a-C:H films. Fowler-Nordheim tunnelling 
from the front surface is another model that does not predict a film thickness 
dependency of the emission current. Moreover, the FN analysis deduced work 
function values that are not compatible with the accepted value of close to 2 eV and 
hence FN does not appear to be the controlling emission mechanism in these films. 
While generally, the ln(I)-ln(V) plots did not appear to indicate a SCLC mechanism 
due to the high gradients, the 69 nm data indicates that the current may be space 
charge limited within the film at high currents. The hot electron emission model 
presented predicts the observed Et dependence on film thickness and hence must be 
considered to be an appropriate model.
To summarise, the plausibility of different models were discussed here but the 
existence and nature of the Et-film thickness relationship is only explained by the 
band bending, hot electron emission model. The other popular models invoked to 
explain FE from amorphous semiconductors do not describe the observed results.
4.4 Emission as a function of nitrogen content for films deposited 
with no self-bias
In the previous section it was demonstrated that FE from a-C:H films may be 
controlled by space charge in the film. To test this hypothesis it was decided to try 
and alter the amount of space charge in these films and measure the effect on their FE 
properties. It has been reported [8 ] that nitrogen may act as a shallow donor in these
films resulting in an increase in the concentration of ionised donors and a subsequent 
increase in the space charge within the film. For this study PAC:N films were 
deposited as a function of nitrogen content and then FE tested.
PAC:N films were deposited on 1-2 Qcm n-Si and 7059 Coming glass (for optical 
characterisation) substrates on the earthed electrode of the in-house PECVD system 
described in chapter 3. A He plasma pre-clean was performed at ambient temperature 
on the substrates with 75 seem helium flow at a pressure and RF power of 200 mTorr 
and 200 W, respectively. The depositions were carried out using CH4 :He:N2 feed 
gases with flow rates of 30:75:0-15 seem at ambient temperature at a pressure and RF 
power of 200 mTorr and 200 W. The resultant nitrogen content for these films was 
established using RBS analysis, Optical band-gap measurements were made using a 
Camspec M330 uv-visible spectrophotometer and film thickness measurements were 
achieved using ellipsometry. The surface roughness of a selection of the films was 
obtained using AFM.
The field emission properties of the a-C:H films were investigated using the computer 
controlled FE measurement system described in chapter 3 with the ‘sphere-to-plane’ 
electrode configuration and a 5 mm diameter stainless steel ball anode 40 pm from 
the film. Testing was performed on 5 different areas of each sample to gauge the 
repeatability of the results. The conditioned electric field for these devices was 
measured and a standard deviation for Et was no more than 5 V/pm.
The atomic percentage of nitrogen as a function of nitrogen flow rate, as evaluated 
from RBS is shown in figure 4.10. The Tauc band-gap for the non-nitrogenated films
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was 2.6 eV falling steadily with nitrogen content to 2.2 eV for an atomic nitrogen 
content of approximately 7 at.%. An EPR study gave spin densities of approximately 
3 . 5  x 1 0 17 cm'3 that remained constant, within experimental uncertainties, across the 
range of nitrogen contents used. The values of film thickness were found to be 
between 59 and 64 nm for this set of films. Figure 4.11 shows images and data 
attained from the AFM work. A typical I-E plot for these nitrogenated films is shown 
in figure 4.12. A relatively high applied field was required for emission to be initiated 
for these film s in the first cycle and, initially, a considerable hysterisis in the I-E 
characteristics was observed. For successive voltage cycles, this hysterisis diminished 
with each successive cycle - a conditioning process. Typically, this hysterisis was no 
longer present after 2 or 3 voltage cycles and the I-E plot followed the same path on 
subsequent cycles. The values of Et for varying nitrogen content are plotted in figure
Figure 4.10. RBS data showing the atomic percentage as a function of nitrogen flow.
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Figure 4.11. AFM maps and rms surface roughness values of PAC:N films.
(a)
nitrogen content = 0 at. % 
rms surface roughness = 0.27 nm
(b)
nitrogen content = 4.5 at. % 
rms surface roughness = 0.24 nm
(c)
nitrogen content = 7.4 at. % 
rms surface roughness = 0.85 nm
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Figure 4.12. Typical I-E plot for a PAC:N (6.8 at.%) film.
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Figure 4.13. Et versus nitrogen content for the PAC:N films.
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A FN plot was constructed for these films using data obtained after conditioning and 
is displayed in figure 4.14. As the AFM analysis had shown that these films were 
extremely smooth with a maximum rms surface roughness values o f 0.85 nm, (3r  was 
taken to be 1. With this value, the work functions/barrier heights were calculated 
along with the (3r  values required to achieve a realistic work function/barrier height 
value o f 2  eV, this data is displayed in table 4.4. These values are at least an order o f  
magnitude lower than the accepted value o f  approximately 2 eV.
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Figure 4.14. FN plots for the PAC:N films as a function of varying nitrogen content..
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Table 4.4. Work function values calculated from FN theory for the PAC:N films 
grown as a function of nitrogen content.
Nitrogen content 
(atomic %)
FN calculated work 
function for (3r = 1 (eV)
Value o f  (3r to 
obtain p = 2 eV
0 0.20 24
4.5 0.092 101
5.7 0.13 59
6.8 0.13 62
7.4 0.066 168
Figure 4.15 shows ln(I)-ln(V) plots for high current data from these films. At lower 
currents the data does not exhibit any trends as a function o f  nitrogen content and 
while approximately linear the gradients are too high (>10) to be due to space charge 
limiting. However, at the higher current values the plots are clearly convergent and 
appear to tend to a limiting linear function, the broken line in figure 4.15 is an 
estimate o f this function and has a gradient o f  1.8. This gradient is close to the values 
predicted by other authors [2,3] for SCLC within the film.
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Figure 4.15. An ln(I) -  ln(V) plot for the a set of conditioned PAC:N films grown as a 
function of of nitrogen content.
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From the data shown in figure 4.13 there is strong evidence for a reduction in Et with 
nitrogen content, this is in broad agreement with a similar study performed by 
Amaratunga and Silva [8]. The reduction in Et with increasing nitrogen content can 
be explained in terms o f  a hot electron emission model where the nitrogen acts as a 
shallow ionised donor [8]. In this case the factor limiting the emission is the barrier at 
the back contact and the band bending in the film across which the electrons are 
transported. Such a film could be readily depleted, exhibit strong space charge effects 
and experience more acute band bending than for similar, non-nitrogenated films, as 
shown in figure 4.16. Figure 4.16 is a schematic energy band diagram for a non- 
nitrogenated (a) and nitrogenated (b) PAC film under the influence o f  a given applied 
electric field. The reduction in the ‘effective’ emission barrier can be related to a 
decrease in the height o f  the barrier at the back contact with nitrogen content. For the 
almost fully depleted non-nitrogenated PAC film in figure 4.16 the band bending is 
relatively small due to the position o f the Fermi level in this nominally intrinsic 
material and the back contact barrier is relatively high. For the fully depleted
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nitrogenated film the presence of the nitrogen has raised the Fermi level in the film 
resulting in a reduction in the back contact barrier height. Thus, for the nitrogenated 
film, a reduction in the threshold electric field results. This is what is observed in the 
experimental results.
Figure 4.16. Schematic energy band diagram for non-nitrogenated (a) and nitrogenated 
(b) a-C:H films under the influence of the same applied electric field.
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Another explanation of the results can be obtained from the Tauc and EPR data. The 
lack of an increase in the spin density with nitrogen content is indicative of the sp2 
content remaining constant. The reduction in the Tauc gap with nitrogen content 
however suggests that the sp2 cluster size is increasing with nitrogen. This would 
result in an increased delocalisation of the unpaired electrons within such clusters 
close to the Fermi level and increased connectivity between the clusters. Electrons 
could tunnel from the Fermi level of the silicon substrate into the Fermi level of the 
film, ‘hop’ between sp2 clusters and reach the front surface of the film. While the
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work function of this material would still be between 2 and 4.5 eV and present a 
significant barrier to emission the presence of sp2 clusters within a sp3-rich matrix 
could produce a field enhancement effect due to the difference in conductivity 
between these materials. This would cause the electric field at the sp2-rich areas of 
the surface to be enhanced, reducing the width of the emission barrier and allowing 
for a FN-type emission through the surface barrier.
In conclusion, the observed reduction in Et with nitrogen content of these PAC:N 
films can be explained in terms of a back contact controlled hot electron emission 
model. It is also possible that the addition of nitrogen encourages the sp clusters to 
‘coalesce’ into larger clusters improving the connectivity between such clusters. This 
would lead to an improvement in the efficiency of FN-type emission from the front 
surface aided by field enhancement produced by the uneven distribution of sp and sp 
material across the film surface.
4.5 Emission as a function of powered/earthed electrode deposition
The in-house deposition system described in chapter 3 was configured with a powered 
and earthed electrode. Characteristics of a-C:H films, such as optical band gap and 
refractive index, grown on these different electrodes are very dissimilar [9]. This 
study was designed to establish any difference in the FE properties between earthed 
and powered deposited a-C:H films and to try and correlate any such differences to 
the change in other material parameters.
A-C:H films were deposited on both the earthed and powered electrode of the 
PECVD system discussed in chapter 3 at 200 W rf power, 200 mTorr with feed gas
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flow rates of CH4 : He, 30 : 75 seem. A He plasma pre-clean was performed at 
ambient temperature on the substrates with 75 seem helium flow at a pressure and RF 
power of 200 mTorr and 200 W, respectively. The substrate material was phosphorus 
doped 3-5 Qcm <100> silicon. Characterisation of the films was carried out using 
RBS, a Camspec M350 spectrophometer, ESR (defect densities) and ellipsometry. 
The field emission properties of the a-C:H films were investigated using the computer 
controlled FE measurement system with a 4sphere-to-plane’ electrode configuration. 
For this set of experiments an anode-film gap of 40 pm was employed and each 
sample was tested three times.
The results of the characterisation work are shown on table 4.5. Typical I-E plots for 
earthed electrode deposited (PAC) and powered electrode deposited (DAC) a-C:H 
films are shown in figures 4.17 and 4.18, respectively. The values of the threshold 
electric fields for these films are displayed in figure 4.19, as only 3 tests on each 
sample were performed for this study the individual values of Et are displayed.
Table 4.5. Characterisation of a-C:H films deposited on the earthed and powered 
electrodes.
Parameter Earthed 
deposited films
Powered 
deposited films
C:H ratio (at.%) = 45:55 = 55:45
Tauc optical band gap (eV) 2 . 6  ± 0 .1 1 .6  ± 0 .1
Mid gap density of states (cm' ) = 1 0 17 = 1 0 20
Film thickness (nm) 70 + 3 65 ±3
Refractive index 1.55 ± 0.02 2.07 ± 0.02
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Figure 4.17.
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The data in figure 4.19 demonstrates clearly the difference in Et between the earthed 
(= 22 V/pm) and powered (= 9 V/pm) electrode deposited a-C:H films. There are 
many differences between the two types o f films. Due to the higher deposition 
energy, powered electrode deposited films are more highly defective, less polymeric, 
more diamond-like, less resistive and have lower optical band gaps (table 4.5). The 
fact that there are so many differences between these two types o f  films makes 
establishing the particular physical parameter responsible for the marked and 
significant difference in Et difficult to ascertain.
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Figure 4.19. Et for each of the three powered and earthed electrode deposited a-C:H 
films.
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A FN plot was constructed using data attained after conditioning and this is displayed 
in figure 4.20. The plots are approximately linear but the work function/barrier height 
values shown in table 4.6 are approximately a factor o f 20 smaller than would be 
expected. For the observed emission to be compatible with standard FN theory a field 
enhancement factor due to surface roughness o f 80 - 90 would be required.
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Table 4.6. Work function/barrier height and surface roughness values calculated 
from the Fowler-Nordheim analysis.
Deposition
electrode
FN calculated work 
function for Pr = 1 (eV)
Value o f  Pr to 
obtain p = 2 eV
earthed 0 . 1 1 82
powered 0 . 1 0 89
ln(I)-ln(V) plots for these films are displayed in figure 4.21. Both sets o f  data appear 
to exhibit current saturation from around ln(I) = 10 nA and then follow a linear path 
that is approximated by the broken line. This ‘guide to the eye’ has a gradient o f  1.8 
and, as has been previously alluded to, is an indication o f  SCLC within the film.
Figure 4.21. ln(I)-ln(V) plots for the earthed and powered electrode deposited a-C:H 
films.
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The experimental data provides compelling evidence for a reduction in the threshold 
electric field for the a-C:H films deposited on the powered electrode. The multitude 
o f  other parameters that are dependent on the deposition electrode make it difficult to 
attribute this improvement in FE properties to any single parameter. Analysis 
performed suggests that the emission mechanism is not FN. The ln(I)-ln(V) plots are 
suggestive o f SCLC occurring within the film at high currents.
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4.6 Emission as a function of deposition self bias
The previous emission study as a function of deposition electrode exposed a marked 
improvement in the FE properties of the powered electrode deposited films, however, 
it was unfeasible to attribute these changes to a particular parameter for two reasons. 
Firstly, the films deposited on the different electrodes produced material that varied in 
a number of ways including allotropy, hydrogen content and optical band gap. 
Secondly, the study only involved two samples (earthed and powered electrode 
deposited films grown at an rf power of 200 W). To further investigate the FE 
properties of a-C:H films deposited on the powered electrode a set of such films were 
grown over a range of deposition powers.
The a-C:H films were deposited on phosphorus doped, n-type, 1-2 Qcm, <100> 
silicon and Coming glass on the powered electrode of the previously described in- 
house PECVD system at a pressure of 200 mTorr using methane and helium feed 
gases. Films were grown at self-biases ranging from -50 to -265 V. The self-bias 
produced at the powered electrode was measured using a choke. As the ‘thickness 
study’ had demonstrated the importance of this parameter on the FE properties of 
these films, the deposition times were tailored to produce films of, insofar as possible, 
the same thickness. These films were characterised using ellipsometry and uv-vis 
spectroscopy. EPR measurements were carried out using a modified Brubaker EPR 
spectrometer, the results of this characterisation are displayed in table 4.7. This 
technique yielded spin density values that can be related to sp2 content and 
graphitisation [10]. The field emission properties of the a-C:H films were 
investigated using the computer controlled FE measurement system with a ‘sphere-to- 
plane’ electrode configuration. For this set of experiments an anode-film gap of 40
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pm  was employed and each sample was tested six times. Figures 4.22 and 4.23 show 
a typical I-E plot and Et as function o f  self-bias for these films. There is a maximum 
in Et at approximately -100 V (80 W), at higher or lower self biases Et falls and has a 
measured minimum o f  about 9 V /pm  at the maximum self-bias achieved (-255 V).
Table 4.7. Characterisation data for the a-C:H films grown as a function of 
deposition electrode self bias.
Applied 
r f  power 
(W)
Self
bias
(-V)
Film
thickness
(nm)
Refractive
index
Tauc optical 
band gap 
(± 0.2 eV)
Spin density 
(cm'3)
Line width 
(mT)
30W 50 62 1.61 2.6 3.0 X 1 0 17 0.8
50W 65 58 1.65 2.1 - -
80W 90 65 1.72 2.0 4.0 X 1 0 18 1.1
120W 125 68 1.86 1.3 1.1 X 1 0 20 1.4
200W 175 62 2.06 1.4 1.4 X 1 0 20 0.7
300W 225 71 2.17 1.1 1.6 X 1 0 20 0.65
400W 265 67 2.16 1.2 1.6 X 1 0 20 0.6
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Figure 4.23. Et as a function of deposition self bias.
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The EPR data is displayed graphically in figure 4.24. It is noticeable that both spin 
density and linewidth increase steadily from 0 up to a self bias of approximately -125 
V, but at greater negative self biases the spin density increases only slightly while the 
linewidth drops sharply before levelling off. It is instructive to initially consider the 
case of the sample deposited at a self bias of -125 V. For this sample the EPR 
lineshape was Lorentzian which is indicative of dipolar broadening between like 
spins. Abragam [11] demonstrated that for such a magnetically dilute material the 
linewidth due to dipolar broadening was related to the spin density by the equation
4 n 2i n  dipolar _  
PP SMbN ,=8.1x1 0"21 JV, (4.1)
where ABppdipoIar is the dipolar line broadening (mT), g is the g value, ps is the Bohr 
magnetron and Ns is the spin density (cm '). Inserting the measured spin density 
value gives a linewidth due to dipolar broadening of 0.9 mT, while this is less than the 
measured value of 1.4 mT it does indicate that for this sample the principle source of 
line broadening is due to this effect. Figure 4.24 shows that for greater negative self 
biases the spin density gradually increases but the linewidth rapidly decreases, this
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clearly does not agree with equation 4.1 and a mechanism other than dipolar line 
broadening must be responsible. This sharp decrease in line broadening for similar 
films deposited at negative self biases greater than - 1 0 0  V  has been reported 
previously [10] and was attributed to an increase in the size of the sp2 clusters. The 
sharp decrease in the Tauc optical gap at around - 1 2 5  V  self bias provides more 
evidence of an increase in the size of the sp2 clusters at this point. For films deposited 
at a negative self bias less than -125  V  the Tauc optical gap rises significantly, this is 
indicative of a material with an increasing sp3 and hydrogen content (more 
polymeric). The accompanying drop in the spin density as the negative self bias is 
reduced from - 1 2 5  V  towards 0 can then be interpreted as a decrease in the sp 
content and cluster size.
Figure 4.24. Spin density measurements for the a-C:H films deposited as a function of 
substrate bias
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Considering the FE results, we see a rise in the value of Et as the negative self bias 
increases from 0 towards approximately -100 V  and a subsequent decrease as the self 
bias becomes more negative. This can now be explained in terms of the sp2 and sp3 
content and sp2 cluster size (see figure 4.25).  At very low negative self biases the
q  O ' )
films are polymeric with a high sp content and low sp content, the sp residing in
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small, isolated clusters (figure 4.25 (a)). These films are highly resistive due to low 
sp2 content and localisation of the impaired electrons within the sp2 clusters (due to 
small sp2 cluster size) and exhibit low values of Et due to good field penetration and 
high local electric fields close to the back contact (due to space charge effects). 
Electrons emitted through the back contact can then become ‘hot’ under the influence 
of the high local electric fields and be emitted over the front barrier -  back contact 
controlled emission. As the negative self bias is increased towards approximately -  
100 V the increase in the size and number of the (still isolated) sp2 clusters (figure 
4.25(b)) has an electrical shielding effect and reduces the local electric fields close to 
the back contact reducing the emission and causing Et to rise. At around a negative 
self bias of -100 to -125 V the growing sp clusters begin to interact because the 
increasingly delocalised electrons within these clusters have an associated increase in 
the size of the ‘area of influence’ of their wavevectors and these begin to overlap 
(figure 4.25(c)). Electrons in these clusters can now ‘hop’ between sp2 clusters and 
can be easily transported to the front surface of the film under the influence of the 
relatively weak internal electric field. The electrons are then emitted from close to the 
Fermi level of this sp2-rich material through the front barrier by a FN-type mechanism 
-  a front surface emitter.
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4.25. Proposed changes in sp2/sp3 content for an a-C:H film for low (a), intermediate 
(b) and high (c) values of negative self bias.
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FN plots were constructed for typical data and are displayed in figure 4.26, the plots 
are generally not obviously linear. Calculated and Pr values are shown in table 4.8. 
Based on the EPR analysis, work function values o f  2 and 4.5 eV were used for PAC 
and GAC material respectively. The work function values (for Pr = 1) are all at least 
an order o f  magnitude smaller than expected, and the Pr values, certainly for the 
higher negative self-biases, are unreasonably high for these mirror smooth films. For 
the GAC, where we might expect FN to give ‘sensible’ values for pR as the EPR data 
indicates that this may be a front surface emitting material, the Pr values are 
unrealistically high for ‘mirror smooth’ films. However, referring to figure 4.25(c) it 
can be seen that while electrons can be transported easily from the back contact to the
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film surface this effect is not uniform across the surface o f  the film. The surface o f
2 # 2 
the film can be considered to consist o f conductive sp -rich islands (linked by sp
channels to the back contact) in a resistive sp3-rich sea. In this case a field
enhancement effect would be expected with the electric field being concentrated at the
sp2 islands that are connected by sp2 channels to the back contact. This would, to
some extent, explain the unrealistically high values o f Pr for the sp2-rich material.
4.26. FN plots for the a-C:H films deposited as a function of negative self bias.
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Table 4.8. Work function/barrier height and surface roughness values calculated 
from the Fowler-Nordheim analysis.
Deposition self 
bias (-V)
FN calculated work 
function for Pr = 1 (eV)
Value o f  Pr to 
obtain 
<|> = 2 or 4.5 eV
50 0.10 86 «> = 2 eV)
65 0.085 o II NJ <
90 0.18 38 (<j> = 2 eV)
125 0.097 93 (<|> = 2 eV)
175 0.057 700 (<(> = 4.5 eV)
225 0.053 775  («(> = 4.5 eV)
265 0.057 700 (<> = 4.5 eV)
O
O
o o o o
o
O 5 0  V  
0 6 5  V  
O 9 0  V  
O 1 2 5  V  
O 1 7 5  V  
2 2 5  V  
0 2 6 5  V
10 20
1 0 4/ V ( 1 0 4/V)
3 0 4 0
107
To investigate the possibility o f a SCLC mechanism being significant in the FE 
performance o f these films ln(I)-ln(V) plots were constructed (figure 4.27). Where 
the highest currents were measured the plots all appear to have the same limiting 
gradient o f  approximately unity. This implies for these films, at the higher current 
values, that the emission current is proportional to the applied voltage -  an Ohmic 
relationship -  and is not space charge limited within the film.
Figure 4.27. ln(I)-ln(V) plots for the a-C:H films deposited as a function o f  negative
self bias.14.0 
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In conclusion, there is strong evidence from the EPR and uv-vis data that the highly 
polymeric PAC films deposited at relatively low values o f  negative self bias emit by a 
back contact controlled mechanism where space charge effects result in ‘ho t’ 
electrons being emitted over the film-vacuum barrier. The sp2 rich GAC films 
deposited at relatively high values o f negative self bias emit by a front surface 
controlled FN-type mechanism. Films deposited at intermediate values o f  negative 
self bias are relatively poor emitters as the sp content is high enough to degrade the 
high local internal fields required for back contact controlled emission in PAC films, 
but the cluster size is not large enough to cause the electronic delocalisation required
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for front surface controlled emission. The high field enhancement predicted by FN 
can also be explained by the non-uniform sp2/sp3 content across the film surface. 
However, there was no evidence of the PAC exhibiting SCLC within the film as 
would be expected from this model.
4.7 Emission as a function of Him thickness for films deposited at a 
negative self bias of -90 and -265 V
The a-C:H films deposited on the earthed electrode exhibited a distinctive Et - film
thickness characteristic that was explained in terms of space charge effects within the
polymer-like material deposited at low negative self biases and FN-like tunnelling
from the graphitic material deposited at high negative self biases (section 4.6). From
the results achieved and the accompanying characterisation it is clear that the a-C:H
underwent considerable changes in its bonding configuration. It is also clear that the
films deposited at high values of negative self-bias are radically different from those
deposited on the earthed electrode. The polymeric earthed electrode deposited a-C:H
films exhibited a distinctive Et-thickness characteristic (section 4.3). The purpose of
the experimental work reported in this section was to investigate any thickness
dependence on Et for the more graphitic material that was produced by depositing a-
C:H at higher negative self-biases. A-C:H films were deposited as function of
thickness as for the films examined in the ‘self-bias’ series (section 4.6) at two values
of negative self-bias. Self biases of -90 and -265 V were chosen as these appeared to
yield films that had either a significant sp content and low defect density (-90 V) or
defective diamond-like films that had more sp bonding (-265 V).
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The thickness o f the films was established using ellipsometry and yielded a range o f 
values from 16 to 85 nm (-265 V self bias) and 31 to 70 nm (-90 V self bias). The 
range o f thicknesses was limited by the difficulty o f  depositing continuous films at 
thicknesses less than approximately 10 to 20 nm and the delamination that occurs in 
these stressed films (relative to films deposited at very low values o f  negative self­
bias). FE testing was performed as for section 4.6 for 6 devices at each film thickness 
and the Et-thickness characteristics are shown in figure 4.28.
Figure 4.28. Et as a function o f film thickness for a-C:H films deposited at negative 
self-bias of -90  and -265 V.
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For the films deposited at a negative self-bias o f  -90 and -265  V, Et does not appear 
to vary significantly with film thickness, within experimental uncertainties, and has 
average values in line with the data from the previous section. These results are in 
agreement with the front surface emission model discussed in the previous section.
4.8 Emission as a function of thermal annealing
The study o f the effect o f nitrogen incorporation on the FE properties o f  PAC:N films 
was discussed in section 4.4. The observed reduction in Et as a function o f  nitrogen
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content was attributed to a narrowing of the optical band gap, lowering of the 
conduction band and reduction in the effective emission barrier. Another way the 
band gap may be narrowed is by post-deposition thermal annealing [12] where the 
band gap narrowing is attributed to the thermally induced increase in the proportion of 
sp2 bonded carbon. It was the purpose of this study to attempt to optimise the FE 
properties of a-C:H:N films by thermal annealing.
A-C:H films were deposited on 1-2 Qcm <100> n-Si and Coming 7059 glass (for 
optical characterisation) on the earthed electrode of the PECVD system described in 
chapter 3. A 210 s He plasma pre-clean was performed at ambient temperature on the 
substrates with 75 seem helium flow at a pressure of 200 mTorr and RF power of 200 
W. The depositions were carried out using CKU: He feed gases with flow rates of 30 : 
75 seem at ambient temperature at a pressure of 200 mTorr and RF power of 200 W. 
Annealing was performed in an 8 lamp RTA at 400 °C in a nitrogen flow. The films 
were deposited for different times to produce a set of PAC films of different 
thicknesses. This was because a preliminary study [12] showed that these films 
would reduce in thickness during annealing and, as shown in section 4.3, this affects 
the value of Et. The thinnest as-deposited film was not annealed and its thickness (= 
40 nm) used as the target thickness for the remaining samples. These thicker films 
were subsequently annealed for different times so that they had appoximately the 
same thickness as the unannealed film. The surface morphology of these films was 
examined using AFM. Tauc optical band-gap, film thickness and refractive index 
were measured. The field emission properties of the PAC films were investigated 
using the computer controlled system with the ‘sphere-to-plane’ electrode 
configuration discussed in chapter 3. A nominal electrode gap of 40 jam was
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employed. The characterisation results are shown in table 4.9, a typical I-E plot for 
an annealed film is displayed in figure 4.29 and the threshold electric field as a 
function o f  annealing time is shown in figure 4.30.
Table 4.9. Characterisation results for the annealed PAC films.
Anneal time Film thickness Refractive Tauc optical RMS surface
(s) (nm) index band gap (eV) roughness (nm)
0 41 1.52 2.6 0.48
65 42 1.57 2.1 0.36
79 39 1.63 1.7 0.33
600 40 1.72 1.2 0.38
Figure 4.29. Typical I-E plot for an PAC film annealed for 600 s at 400 °C.
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Figure 4.30. Et as a function of anneal time for the PAC films.
0 65 79 600
Anneal time (s)
112
Looking at the FE results and characteristics together it is noticeable that the lower 
values of Et appear to correlate with film roughness. This is illustrated in figure 4.31 
where the inverse of the surface roughness is plotted as a function of anneal time. 
Although this relationship looks quite promising it should be noted that both the 
refractive indices and optical band gaps also vary as a function of anneal time. When 
FN plots are constructed the trends were not obviously linear and for Pr = 1, work 
function/barrier height values at least an order of magnitude smaller than reasonably 
expected are observed. Using the expected value of = 2 eV surface roughness field 
enhancement factors of between 49 an 86 are calculated (see table 4.10). Using the 
RMS surface roughness measurement as the height of the model surface feature’s 
yields a surface feature radius of close to 0.007 nm for the longest annealed film -  an 
unrealistically small dimension. ln(I)-ln(V) plots were constructed for these films to 
attempt to establish the importance of space charge effects in the emission process. 
However, as expected for GAC films, no evidence of linearity was found over the 
measured range.
Figure 4.31. Inverse of the surface roughness as a function of anneal time.
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Table 4.10. Work function/barrier height and surface roughness values calculated
from the Fowler-Nordheim analysis.
Anneal time (s) FN calculated work 
function for Pr = 1 (eV)
Value of pRto 
obtain p = 2 eV
0 0.10 84
65 0.15 49
79 0.10 86
600 0.14 57
The results of the characterisation work performed show a general decrease in Tauc 
optical band gap and an increase in refractive index with annealing time. This 
behaviour is consistent with increased sp2 bond formation in the a-C:H film [9]. In 
particular the refractive index of the film annealed for 600 s is close to that of graphite 
(= 1.8). The initial increase in the threshold field with annealing is indicative of bond 
reordering and the formation of isolated sp2 regions. Further annealing results in the 
formation of extensive sp2 rich regions and it may be possible that with annealing 
narrow conductive channels are created which may cause the formation of localised 
regions with high p factors at the film surface and internal to its micro structure due to 
inhomogeneous dielectric properties. The lack of a straight forward relationship 
between the threshold electric field and the annealing time is due to the annealing 
process affecting more than one film property on which the field emission 
performance of these films depend.
From the Fowler-Nordheim analysis performed, the calculated values of <]>, Pr and the 
dimensions of the modelled surface features do not agree with experimentally 
measured values. The correlation between Et and surface roughness, while indicative 
of FN emission, would be expected for any mechanism where the emission current is 
a function of the local electric field at the film surface. This includes all current 
popular models.
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4.9 Emission as a function of substrate material
The a-C:H:N study performed in section 4.4 has shown the importance of the back 
contact -  which can of course be influenced by the choice of substrate material and 
there have also been reports of the FE performance of thin films being dependent of 
the morphology of the substrate[14]. One of the advantages of PECVD grown films is 
that the relatively low deposition temperature allows for a wide variety of cheap and 
more extensive substrate materials with differing electronic and physical properties to 
be used. In this study the FE performance of unusual (graphite and a conductive 
polymer composite) substrate materials for a-C:H:N films is investigated.
The film growth was achieved using the in-house PECVD system. A He pre-clean at 
200 W, 175 mTorr and 75 seem for 75 s, or an O2 etch at 200 W, 200 mTorr and 10 
seem for 600 s, was performed on all substrates before film deposition. PAC:N films 
were deposited on the earthed electrode with gas flow rates of CH4 : He : Ns, 30 : 75 : 
10 seem at 175 mTorr, 200 W and ambient temperature for a deposition time 900 s on 
four different substrate materials :-
1) 1 -2 Qcm (100) P-doped n-type Si.
2) Graphite plate (le Carbone grade 2120).
3) Carbon black / polymer composite (CPC).
4) Coming 7059 glass.
The values for film thickness, refractive index and E04 optical band gap were 90 ± 20 
nm, 1.62 ± 0.01 and 3.1 ±0.1 respectively. The values of surface roughness for the 
different film/substrate combinations are displayed in figure 4.32. Figure 4.32 
indicates that the CPC substrate was approximately an order of magnitude rougher 
than the graphite which was an order of magnitude rougher than the silicon. The
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plasma pre-clean and film deposition resulted in a slight increase in the surface 
roughness in the case o f  the silicon and graphite, but appeared to cause a decrease for 
the CPC substrate. The values o f  Et as a function o f substrate material, with and 
without the PAC:N film, are displayed in figure 4.33.
Figure 4.32. Index of surface roughness as a function of substrate material, with and 
without PAC:N film, ‘gr’ signifies graphite.
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Figure 4.33. Et as a function of substrate material, with and without PAC:N film, 
‘gr’ signifies graphite.
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Considering the film/substrate systems, there appears to be a correlation between the 
surface roughness and Et, where the rougher films exhibit lower threshold fields. This
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suggests that a geometrical field enhancement process due to the roughness is 
significant in the FE mechanism. As this occurs for the samples with and without the 
film, it could be occurring at the front surface or, the substrate/film interface (i.e. back 
surface). Because the PAC:N and graphite have very different values o f (j), the fact 
that the addition o f  the PAC:N film did not appreciably alter the value o f  Et suggests 
that the here the back contact is the ‘true cathode’. Figure 4.34 shows a Fowler- 
Nordheim plot for the carbonaceous substrate samples constructed using data attained 
from I-E data after conditioning. The plots are approximately linear suggesting that a 
tunnelling emission mechanism may be dominant. Values for the work functions 
were calculated, for Pr = 1, and are tabulated in table 4.11, these values o f  (j) appear 
unrealistically small. However, considering the case o f  FE from the bare graphite 
substrate, where a thin film does not need to be considered, and taking a realistic 
value o f (j) = 5 eV, a field enhancement factor due to surface roughness o f  460 would 
be required for the observed emission to be compatible with standard FN theory. The 
possibility o f a space charge limited emission mechanism was investigated by plotting
9 • • • •I against E . The plots displayed did not exhibit linear trends and hence the dominant 
emission mechanism does not appear to be space charge limited as expected.
Figure 4.34 Fowler-Nordheim plot for the a-C:H:N films on carbonaceous substrates
and for the bare substrates.
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Table 4.11. Work function/barrier height values calculated from the Fowler-
Nordheim analysis.
Film/substrate FN calculated work 
function for Pr = 1 (eV)
Value of Pr to 
obtain realistic §
gr 0.098 (<]>=5) 460
PAC:N/gr 0.14 (d>=2) 70
CPC 0.13 <|) unknown
PAC:N/CPC 0.11 W>=2) 77
In conclusion, the relatively similar values of Et for the carbonaceous substrates with 
and without the PAC:N films, especially in the case of the graphitic substrate, 
suggests that where a film is present the back contact is the ‘true cathode’. The 
improved FE performance of the samples as a function of surface roughness is 
unsurprising as any increase in the local field at the sample surface would be expected 
to have this effect, whatever the dominant emission mechanism.
4.10 Emission as a function of substrate texturing
The importance of surface roughness as a FE parameter for ‘smooth’ films was 
demonstrated in the previous section. Generally, where this phenomenon has been 
researched the substrate is roughened by some post deposition treatment[14] or self- 
textured during film growth by setting suitable deposition parameters[15]. Any post 
deposition treatment is, of course, an extra processing step and as such is not 
technologically desirable, and the growth conditions that allow the desired self- 
texturing may not be favourable for other film properties on which its FE performance 
depends. This work was an attempt to alter the FE properties of an a-C film in a 
similar way but without adding any more cathode fabrication steps or restricting the 
film deposition parameters. For this study it was the substrate that was textured by 
altering the existing substrate cleaning procedure before film deposition. Si and CPC
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were chosen as the substrate materials as it thought that its polymeric nature would 
allow the CPC to be plasma etched easier than the Si and provide a wider range of 
film roughness. Also, CPC was an established material in the electronics industry [16 
and references therein] with good physical and mechanical properties and relatively 
cheap to manufacture.
Substrate treatment and film deposition were performed in the in-house PECVD 
system. These processes were carried out on the earthed electrode with a substrate 
temperature = 30 °C and a plasma power of 200 W. Prior to deposition, the substrates 
were either, (a) cleaned with a helium plasma using a gas flow rate of 75 seem, a 
pressure of 175 mT, and a time of 210s, or (b) subject to an oxygen plasma etch with 
a gas flow rate of 10 seem, a pressure of 200 mT, and a time of 600 s. a-C:H:N films 
were grown with gas flow ratios of 30 : 10 : 75 of methane, nitrogen and helium, a 
pressure of 175 mT and a time of 300 s. The substrate materials used were CPC, 1-2 
Qcm <100> n-Si and 7059 Coming glass. The surface morphology of a gold-coated 
set of these films were investigated using a Hitachi 3200 N SEM and a more 
quantitative measure of the comparative surface roughness of these films was 
achieved using a Dektak IIA.
The characterisation of the films yielded results for the film thickness, refractive 
index and E04 optical band gap of 90 ± 2 nm, 1.62 ± 0.01 and 3.1 ± 0.01 eV 
respectively. Figure 4.35 shows how the average surface roughness changes with 
substrate treatment along with the data for an untreated CPC and Si substrate material. 
A typical I-E plot is shown in figure 4.36, and the threshold fields are shown in figure 
4.37.
119
Figure 4.35. Surface roughness measurements for the PAC:N films. 
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Figure 4.36. A typical I-E plot for the PAC:N/CPC sample, substrate oxygen etched 
for 600 s.
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Figure 4.37. Threshold field values for the PAC:N films.
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Figures 4.35 and 4.37 show a definite correlation between Et and surface roughness, 
the greater the surface roughness the lower the value o f the threshold field, as would 
be expected. A FN plot was constructed for the films grown on CPC substrates 
(figure 4.38) and the work function was calculated (for the unrealistic case o f the 
films being perfectly smooth) and the surface roughness was calculated for a work 
function o f  2 eV, this data is shown in table 4.12. The calculated values o f  surface 
roughness appear plausible as the oxygen etched film value is much larger than that o f 
the helium cleaned film. Figure 4.39 is a schematic diagram o f  the proposed etching 
mechanism, where the softer polymer matrix is preferentially etched leaving the 
carbon aggregate exposed. ln(I)-ln(V) plots were constructed but did not exhibit 
linearity over the measured range.
Figure 4.38. FN plots for the a-C:H:N films grown on helium cleaned or oxygen
etched CPC.-12
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Table 4.12. Work function\barrier height values calculated from the Fowler- 
Nordheim analysis.
Substrate
clean/etch
FN calculated work 
function for (3r = 1 (eV)
Value o f  [3r to 
realistic (j) = 2  eV
Helium clean 0.11 100
Oxygen etch 0 .076 170
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Figure 4.39. A schematic diagram of the proposed plasma etching process on the CPC 
substrate.
An untreated CPC substrate 
showing a featureless, mainly 
polymer matrix surface
CPC etched for 300 s w ith some 
exposed carbon black particles 
giving surface structure
CPC etched for 600 s exhibiting a 
regular surface texturing as the 
matrix exposed to the plasma is 
almost fully etched
In conclusion, the results indicate that it is possible to improve the FE performance o f 
PAC:N films by using textured CPC substrates. The results indicate that geometric 
field enhancement strongly influences the emission o f  PAC films.
4.11 Electron emission from nano structured carbon
FE from nano structured carbon, such as nanotubes, has been investigated by many 
authors because its structure was expected to produce high field enhancement factors 
(see section 2.5.3.7). Here it was decided to investigate the properties o f  a 
nano structured carbon film to compare and contrast its FE properties with that o f  the 
flat films previously studied. A description o f the material and deposition method can 
be found elsewhere [17]. FE testing was performed using the computer controlled 
measurement system, with the spherical anode set between 200 and 1000 pm  from the 
film surface.
n , Carbon blackPolymer
aggregate 
matrix \  +
-  -  A  —  A  ^
f w v / U
—
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Figure 4.40 shows a typical I-E plot for these nanostructured carbon films. The value 
o f  Et obtained was 1.6 ± 0.2 V /pm and were very reproducible. There are two 
distinguishing points about the nanostructured carbon data. Firstly, the threshold 
fields are significantly lower than those o f  other carbonaceous films tested. Secondly, 
there is much less initial hysterisis in the I-E plots. Assuming a workfimction /barrier 
height value o f  5 eV, as nano carbon is graphitic in nature, a Pr value o f  14000 was 
achieved from a FN analysis. This value, as expected, is high relative to the ‘smooth’ 
films tested.
Figure 4.40 A typical I-E plot for the nanostructured carbon films.
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In conclusion, the FN analysis exhibited a high field enhancement factor, as expected 
for this type o f  material, and the emission was probably dominated by this 
mechanism. The lack o f conditioning observed also reinforces the impression that the 
emission mechanism here is different to that for the ‘smooth’ carbonaceous films 
tested.
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4.12 Discussion of the results for carbonaceous films
4.12.1 Hysterisis and conditioning
For all the ‘smooth’ carbonaceous films tested a conditioning process is observed 
where an initial relatively high applied electric field is required to initiate emission. 
As referred to in section 2.5.2, there are three plausible mechanisms that could 
account for this phenomena. Changes in surface morphology, removal of adsorbed 
impurities and changes in the material properties of the carbonaceous films. There 
was no evidence for changes in surface morphology when the films were imaged in a 
SEM so this is unlikely to be the cause of the observed hysterisis. As the different 
carbonaceous materials, including PAC, PAC:N and GAC, have very different 
properties it might be expected that if the conditioning process were due to material 
changes within the film that this would be accompanied by associated changes in the 
conditioning process. Such a variation is difficult to characterise without using 
atomic probe techniques. On the other hand the results of Xu et al [23] and Hart et al 
[24] clearly showed that the emission was less dependent on surface terminations. 
Therefore, some structural variations that may give rise to internal in section 
nanostructuring may be responsible for the observed changes. Relative to the smooth 
carbonaceous films, the highly conductive and rough nanostructured carbon films 
tested in section 4.11 exhibited a relatively small amount of conditioning.
4.12.2 Emission mechanisms
For the PAC films studied the emission cannot appear to be explained by FN 
tunnelling as the analysis consistently gave values that were unrealistically high. The
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observed dependence of Et on film thickness for these films is also not predicted by 
FN. There are other possible emission mechanisms, for example, Krauss et al [18] 
suggested that the emission could be due to quantum effects from sp2 cluster edges. It 
is not obvious how this model could account for the thickness dependent results 
reported in this study. A change in the sp2/sp3 content of the film as a function of 
thickness could in theory affect the emission properties in the Krauss model. 
However, for our films, measured parameters such as refractive index and optical 
band gap do not show any significant variation with film thickness, and therefore it is 
unlikely that the sp2/sp3 varies as a function of thickness in our films. Robertson [19] 
proposed an emission mechanism for diamond-like carbon films based on non- 
uniform hydrogen termination at the film surface. Again, as for the model of Krauss 
there would be no thickness dependence as was observed for the PAC films in this 
work. The preliminary SCIBB model does to some extent describe the emission, but 
there are problems with this explanation, for example what happens to electrons that 
do not become hot enough to surmount the front surface barrier ? However, other 
authors have now also recently explained FE from thin semiconducting films as being 
due to space charge effects [20] materials. It appears likely then that FE from thin 
PAC films can be explained in terms of space charge effects within the film. A 
simulation study by Chen et al [21] also indicated the presence of a space charge 
controlled emission mechanism by exhibiting a film thickness dependence on Et. 
Also, the computer simulated I-E characteristics only resembled experimental data 
when the hot electron transport model within the film was ‘enabled’.
For films with a higher sp2 content than the PAC films (GAC films) there was no Et -  
film thickness dependence and it appears that a mechanism other than one based on
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space charge is responsible for the observed emission. Analysis of the a-C:H films 
deposited on the powered electrode of the PECVD system and the PAC:N films 
deposited on the earthed electrode gave evidence for an increase in size and 
connectivity between sp2 clusters that allowed for electron transport through the film. 
It is postulated that a non-uniformity in the sp2/sp3 content across the film surface 
could then result in an electric field enhancement effect reducing the width of the 
film-vacuum barrier and allowing FN-type tunnelling from the Fermi level of the film 
into vacuum. If this was the case a FEED analysis would be expected to yield an 
energy spectrum with a peak at the film Fermi level with a sharp cut-off above and a 
long tail below. Groning et al [22] observed this for a-C:H films with a high 
conductivity (72 Q) that could also be expected to have a high sp2 content.
The annealed PAC series also produced results that can be interpreted in terms of an 
increase in the size of sp clusters as thermal annealing has been shown to increase the 
sp2 content of such films [9]. The FE results, as for the series of films deposited as a 
function of self bias, show an initial increase in Et followed by a decrease. This 
indicates an initial degradation in space charge induced FE from the back contact for 
PAC films due to shielding by an increased sp content. As the annealing time is 
further increased, this is followed by an improvement due to improved connectivity 
between expanding sp clusters and field enhancement due the uneven distribution of
9 “2sp and sp material across the film surface.
The FE study on PAC films deposited on different carbonaceous substrates yielded 
results that showed improvements in the FE performance for the roughest films. This
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was assumed to be due to large geometrical field enhancement factors and FN-type 
tunnelling through the front or back surface.
4.13 Summary
analysis performed. The appropriateness of different emission models was examined.
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CHAPTER 5
RESULTS AND ANALYSIS FOR SILICON FILMS
5.1 Introduction
The a-Si:H films studied in this research were deposited at Philips, Redhill using a 
PECVD system with SiFE and H2 feed gases, a temperature of 250 °C and a growth 
rate of approximately 25 nm/min on Cr substrate material. Characterisation of the 
films showed that the films contained 10 at.% hydrogen, had a mid-gap defect 
densities of the order of 1016 cm"3, Tauc gaps of 1.74 eV and were slightly n-type.
5.2 Emission as a function of film thickness for hydrogenated 
amorphous silicon
A previous study on the FE properties of a-C:H films had indicated a relationship
between Et and the film thickness (section 4.3). This body of work was an attempt to 
establish if a similar relationship was present for a-Si:H thin films.
A-Si:H films of different thicknesses were deposited by varying the deposition times, 
the thickness values ranged from 10 to 300 nm. FE testing was performed using the 
computer controlled system with a sphere-to-plane electrode configuration with an 
electrode gap o f40 - 50 pm.
Figure 5.1 shows a typical I-E plot for a 300 nm thick a-Si:H film. Et as a function of 
film thickness is shown in figure 5.2 where the error bars indicate the statistical 
uncertainty in the data.
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Figure 5.1.. Typical I-E plot for a 300 nm thick a-Si:H film. 
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Figure 5.2. Et as a function of film thickness for the a-Si:H films.
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Even allowing for the spread in the data, the results indicated a lowering in Et with 
increasing film thickness. There was no local minimum in the values o f  Et over the 
range o f film thickness tested as was observed in the similar a-C:H study (section 4.3) 
although the trend in figure 5.2 does appear to level o ff  for the thicker films. As with 
the a-C:H film thickness study, this dependence o f Et on film thickness suggests that a 
thickness dependent emission model may be appropriate for these films.
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A FN plot was constructed for the films using data obtained after conditioning and is 
displayed in figure 5.3. To calculate values for the work function using the formula, 
described in chapter 3, a value for pR was required and as these films were ‘mirror 
smooth’ this was taken to be unity, and for these films (p lay between 0.052 and 0.18. 
It is well known that the work function o f a-Si:H is approximately 4.5 eV [1] and 
hence these values are not realistic. Using (j) =4.5 eV, Pr was calculated for the 
different films and found to lie between 96 and 660, again these values appear to be 
too large for these ‘mirror smooth’ films too.
fits for the a-Si:H
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Figure 5.3. 
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Fowler-Nordheim plots and computer generated linear 
films grown as a function of film thickness.
104/V (1 0 4/V)
ln(I)-ln(V) plots for these a-Si:H films using high current values are displayed in 
figure 5.4, the ‘guide to the eye’ is an approximation to the gradient o f this data at 
higher current levels and has a slope o f  7.2. Rose [2] predicted a gradient o f  greater 
than 2 for a bulk SCLC process for an insulator with a trap distribution that decreased 
with distance from the conduction band, although no upper limit was placed on this 
value. Hence, a gradient o f 7.2 may well be plausible for such a process. Also, the 
fact that the gradient is greatly different to the value o f  1.5 that would be expected for
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SCLC within the vacuum [2], indicates that any SCLC process present is occurring 
within the film.
Figure 5.4. ln(I)-In(V) plots for the a-Si:H films grown as a function o f film 
thickness.
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The unrealistically low work functions values calculated from FN theory and the 
apparent dependence o f  the FE properties o f  these samples on film thickness suggest 
that the emission mechanism responsible for the measured emission is not 
conventional FN. The film thickness dependence does appear to follow the general 
trend observed for the a-C:H for ‘thin’ films, but the range o f  thicknesses tested may 
not be large enough to observe the minimum in the values o f Et, if  it does indeed occur 
for a-Si:H. This is not unexpected as a-Si:H has a greater dielectric constant than a- 
C:H (12 and 2.5) and this will greatly effect the electric field within the film.
5.3 Field emission dependence on film doping for hydrogenated 
amorphous silicon
One method o f gaining information on the emission mechanism responsible in a-Si:H 
films is to investigate the effect o f film doping. 100 nm a-Si:H films were deposited, 
one set o f  films was undoped while the other set was doped n+-type. FE testing was
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performed using the computer controlled system with a sphere-to-plane electrode
configuration with a 50 pm  gap.
Figures 5.5 and 5.6 show typical I-E plots for the n+ and intrinsic a-Si:H films, 
respectively. The Values o f  Et for both these types o f  films are shown in figure 5.7, 
the error bars indicate the statistical uncertainty in the data.
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Figure 5.6. Typical I-E plot for a n+ a-Si:H film.
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Figure 5.7. Et as a function of film doping for the a-Si:H films.
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The data exhibited in figure 5.7 shows a reduction in Et for the intrinsic samples. This 
can be explained in terms o f differences in the local electric fields within the films. 
The intrinsic films would be expected to form a Schottky barrier with the Cr substrate. 
This would block the flow o f electrons from the metal into the film until space charge 
induced band bending in the film became large enough to sufficiently reduce the 
barrier to a point where electrons can overcome the barrier and enter the conduction 
band o f  the film. For thin enough films the whole film could become depleted. For 
such a fully depleted film this large band bending could result in electrons that have 
reached the conduction band o f the film becoming hot and possibly gaining enough 
energy, relative to the conduction band, to be emitted over the front film-vacuum 
barrier. In the case o f the highly n-doped film the reduced internal fields would 
greatly reduce the possibility o f  hot electron emission over the film-vacuum barrier. 
If  high internal electric fields within the film were responsible for electron emission 
from these films it would lower values o f Et to be measured for the intrinsic a-Si:H, as 
observed.
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FN plots for this data were constructed (figure 5.8). Work functions/barrier heights 
for (3=1, and field enhancement factors due to film surface roughness for a realistic 
value o f  <j) were calculated and are shown in table 5.1. The work function/barrier 
height values were approximately 2 orders o f magnitude too small to be reasonable 
and the field enhancement due to film roughness would need to be very large.
The possibility o f  bulk space charge limiting for these films was investigated by 
constructing the ln(I)-ln(E) plot shown in figure 5.9 and indicates an approximately 
linear relationship with a high field gradient o f close to 4, this is above the value o f  2 
predicted by Rose [2] for insulator with a trap distribution that decreased with 
distance from the conduction band.
Figure 5.8. Fowler-Nordheim plots for the intrinsic and highly n-doped a-Si:H films.
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Table 5.1. Fowler-Nordheim calculated values o f surface roughness and work 
function for the intrinsic and highly n-doped a-Si:H films.
Film doping (KeV) (for (3R= 1) (3r (for <|> = 4 eV)
intrinsic 0.0041 120
+n 0.046 820
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Figure 5.9. ln(I)-lIn(V) plots for the a-Si:H films with diferent doping.
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The unrealistic work function values calculated from FN analysis suggests that this is 
not the mechanism responsible for the observed emission. The improved FE 
performance o f  the intrinsic film relative to the highly n-doped film indicates that the 
back contact, space charge and high internal electric fields may play a significant role 
in the emission process.
5.4 The effect on the field emission performance of an n+ doped 
layer on an intrinsic film of hydrogenated amorphous silicon
In the previous section it was seen that intrinsic a-Si:H films produced lower 
threshold electric fields than the highly n-doped ones and this was explained in terms 
o f hot electrons being emitted over the film-vacuum interface. It was thought that 
under these conditions the emission current could have been enhanced by adding a 
very thin n+ layer to the surface to reduce the surface barrier height. Figure 5.10 
shows a reduced band diagram to illustrate this point.
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Figure 5.10. Reduced band diagram illustrating the possible difference in the 
emission barrier height for n intrinsic a-Si:H film without (a) and with 
(b) a very thin n+ surface layer.
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100 nm thick intrinsic a-Si:H films were deposited, and an n+ layer o f 15 or 50 nm 
thickness was added to some o f  these films. FE testing was performed as described in 
the previous section. Figures 5.11 and 5.12 show typical I-E plots for 100 nm 
intrinsic a-Si:H films on Cr substrates with a 15 or 50 nm n+ surface layer 
respectively. The threshold field values are displayed in figure 5.13 along with that 
for the case o f  no n+ surface layer. Figure 5.13 shows that the values o f Et become 
higher when an n+ surface layer is added to the intrinsic a-Si:H film. This can be 
explained if  we consider the emission mechanism to be due to high internal electric 
fields in resistive, hilly depleted films, as described in the previous section. The n+ 
layer will have relatively low internal electric fields and hot electrons in transit 
through this layer will lose energy (relative to the conduction band) at such a rate that
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they may have insufficient energy to surmount the emission barrier at the front 
surface. This would result in the electron emission being greatly degraded relative to 
the case where no n+ layer was present.
Figure 5.11.
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Figure 5.12 Typical I-E plot for a 100 nm thick intrinsic a-Si:H film on a Cr 
substrate with a 50 nm n+surface layer.
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The FN plots constructed for this data are displayed in figure 5.14, and the work 
function values (for a smooth surface) and the field enhancement due to film surface 
roughness (assuming a work function o f 4 eV) were calculated and are presented in
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table 5.2. However, the plots are not obviously linear and hence do not appear to fit 
the FN model and therefore it is unwise to draw any conclusions from this analysis.
Figure 5.13. Threshold electric fields for intrinsic a-Si:H films with an n+ surface 
layer o f 0 ,15  and 50 nm thickness.
1 20
-o
15 nm n+ surface layer 50 nm n+ surface layerno surface layer
a-Si:H surface layer on 100 nm intrinsic a-Si:H film on Cr substrates
Figure 5.14. Fowler-Nordheim plots for the intrinsic a-Si:H films with n+ surface 
layers.
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Table 5.2. Fowler-Nordheim calculated values o f pR and work function for the 
intrinsic a-Si:H films when an n+ surface layer is added.
n+ surface layer thickness (nm) (j) (eV) for Pr=1 Pr for (j) =4 eV
0 0.0041 120
15 0.00079 1400
50 0.0013 600
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The ln(I)-ln(V) plots for these films are shown in figure 5.15 and appear to exhibit 
approximately linear trends. The a-Si:H films with an n+ surface layer have gradients 
close to 2, while the film without the surface layer has a gradient closer to 3. Again, 
as in the previous sections, these values are plausible for an insulator with a trap 
distribution that decreases with distance from the conduction band.
Figure
8.0
|
1  6.0 -  
l _  
l _D0
C
1  4.0 - 
E 
_£=
2.0 -
6.8 7.0 7.2 7.4 7.6 7.8
In(voltage) (V)
In conclusion, the addition o f  a surface n+ layer to these intrinsic a-Si:H films has a 
detrimental effect on the threshold field. This can be explained by electrons, heated 
within the frilly depleted intrinsic layer, losing energy within the highly conductive, 
undepleted n+ layer and being unable to surmount the film-vacuum barrier. The ln(I)- 
ln(V) plots exhibited sufficient linearity to suggest a SCLC process at high currents, 
the gradient o f  2 for the samples with an n+ surface layer is in approximate agreement 
with the predicted range o f values (greater than 2) for an insulator with a trap 
distribution that decreased with distance from the conduction band.
5.15. ln(I)-ln(V) plots for 100 nm intrinsic a-Si:H films with n surface layers.
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5.5 Current stressing
The conditioning process observed for practically all the silicon films tested was 
similar to that reported for other materials where explanations proposed were, changes 
in surface morphology leading to increased P factors [3], removal of adsorbed 
impurities that inhibit emission [4] and changes in the material properties within the 
emitter [5]. This conditioning was considered to be detrimental to the prospects of a 
thin film emitter becoming a viable material for FPD purposes and so an attempt was 
made to try and ‘pre-condition’ the films.
This set of experiments were carried out on 100 nm thick a-Si:H films. The current 
stressing was performed using a GEPL logic pulse generator producing alternate 
positive and negative square voltage pulses of 10s duration and 0, 10 or 20 Volts 
magnitude. For each current stressing procedure 20 voltage pulses were applied. 
Each pulse was manually triggered and the time period between successive pulses was 
between 1 and 2 seconds.
Four different tests were carried out for each of the three voltages and typical I-E 
plots for each case are shown in figures 5.16 to 5.18. To quantify the effect of the 
current stressing on the conditioning process the applied electric field at which the 
device started to emit was considered. Specifically, the initiation field (Ej) was 
defined as the value of the applied electric field on the first voltage cycle where the 
emission current reached 10 nA. This is analogous to Et except that, as small current 
spikes (=5 nA) are frequently recorded during initiation, the ‘trigger’ current is 
greater. The value of Ei was calculated for each separate test and an average 
calculated for each of the stressing voltages along with the standard deviation. These
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values are shown in figure 5.19. The value o f  Et showed no consistent change as a 
function o f  current stressing. An extra set o f  devices, one for each o f  the three 
stressing voltages, was current stressed and loaded into a Cambridge Instruments 
Stereoscan 250 MK III SEM. Images o f these samples are shown in figure 5.20.
Figure 5.16.
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Figure 5.17. Typical I-E plot where the film was current stressed at 10 V. 
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Figure 5.18. Typical I-E plot where the film was current stressed at 20 V.
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Figure 5.19. Average values of the initiation electric field for the 3 different 
current stressing voltages.
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Figure 5.20. SEM images of current stressed areas for 0 ,10  and 20V cases.
Scale: 40fim
(a) No current stressing.
(b) 10V current stressing
(c) 20V current stressing
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Figures 5.16 to 5.18 illustrates clearly that the film current stressed at 20 V exhibits 
almost no initial conditioning in its FE characteristic relative to the 0 and 10 V 
stressed films. The SEM images, for the 0,10 and 20V cases, show a common feature 
-  a roughly circular area of approximately 200 pm diameter that was attributed to the 
physical contact between anode and film. These distinctive markings are due to the 
anode, which revolves on its micrometer head spindle as its distance from the sample 
is altered, being brought into physical contact with the film. Within this area the 
unstressed film and the film stressed at 10V exhibited no strong features, however, in 
the case of the film current stressed at 20V changes in the film image are clearly 
evident. There is a definite correlation between the change in the SEM image of the 
20 V film and the lack of hysterisis in its FE characteristics. The difference in the 
SEM image and FE characteristics of the 20 V stressed film compared to that of the 0 
and 10 V stressed films could be due to an alteration in surface morphology. It is also 
feasible that the bright features are caused by enhanced secondary electron emission 
due to a local reduction in the work fimction resulting from some current or voltage 
induced process within the film, such as the production of conductive filaments. The 
possibility of the bright features being due to the metal substrate being exposed 
cannot be discounted either.
This study has shown that it is possible to lessen or completely eliminate the 
conditioning process present at the onset of emission in these films by current 
stressing. This means that relatively low current field emission can be achieved 
without the initial high field conditioning process. This could be an important 
consideration when the technological viability of a-Si:H as a field emitting material is 
addressed.
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5.6 Discussion of the results and analysis for the silicon films
5.6.1 Hysterisis and conditioning
The current stressing experiments have shown that the initial hysterisis in the FE 
characteristics observed for the a-Si:H films can be eliminated by applying voltage 
pulses across the film before emission. The observed cratering that accompanied the 
current stressing, for the cases where the conditioning was subsequently seen to be 
greatly reduced, could be introducing increased morphological field enhancement 
factors. However, the reduction in hysterisis could also be due to the formation of 
conductive filaments within the film.
5.6.1 Emission mechanisms
The experimental work performed on the a-Si:H here has yielded several interesting 
experimental results. Here, these results are summarised and possible emission 
mechanisms discussed. Firstly, intrinsic a-Si:H is a considerably better emitter than 
n+ doped a-Si:H. Because an n+ film would greatly reduce internal fields, this 
indicates a bulk controlled emission mechanism where the local electric fields in a 
resistive, fully depleted film are sufficiently high to cause hot electron emission over 
the front surface barrier. It is also possible that the difference in the nature of the back 
contact that must occur for an intrinsic and n+ film may also be an important factor in 
the emission process allowing depletion to occur within the film. In FN the electrons 
tunnel from the Fermi level into vacuum, it is therefore difficult to credit that if the 
Fermi level was raised (as for the n+ doped films) that the emission would be 
degraded. Secondly, the values of Et are reduced with film thickness for the intrinsic 
films indicating that there is a measure of ‘bulk control’ in the emission mechanism. 
This strongly suggests that a conventional front surface emission model is not
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appropriate for this material. Thirdly, the addition of an n+ surface layer significantly 
degrades the emission from an intrinsic a-Si:H film This is evidence for the existence 
of an emission mechanism whose efficiency is reduced by a reduction in the internal 
electric field. Finally, the current stressing work has indicated that changes to the film 
for the cases where the subsequent FE tests show greatly reduced hysterisis. This 
indicates that changes to the structure of the film are important, these could include p- 
enhancing changes to the surface morphology or electronic changes within the bulk of 
the film.
The above summary of the results shows that there is considerable evidence, from a 
number of experiments, to support the idea of a bulk or back controlled emission 
mechanism. While the current conditioning work indicated that changes to the film 
surface occurred in these cases, this was not observed in other experiments and is 
therefore probably not a controlling factor in the emission process.
The SCIBB model introduced to explain the observed FE from PAC is now 
considered as a possible appropriate emission model. Following the same reasoning 
that was used for the PAC films we might expect to see a minimum in the value of Et 
as a function of film thickness were a Schottky barrier to be formed at the Cr/a-Si:H 
interface and the film to become frilly depleted. However, as figure 5.2 shows, Et 
drops with film thickness over the range of film thicknesses tested and does not 
exhibit the ‘dip’ that was observed for the PAC films. The PAC analysis explained 
the increase in Et with film thickness, after an initial decrease, as being due to reduced 
band bending within the film as a result of the film no longer being fully depleted. In 
the case of a-Si:H the depletion width has been measured at 1-2 pm [6] so here we
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would expect the film to remain fully depleted up to thicknesses around this value. 
Figure 5.2 does suggest through its levelling off with increasing thickness that this 
may be the case. Figure 5.21 illustrates a possible hot electron emission model for a 
‘thin’ and ‘thick’ a-Si:H film on Cr. It can be seen that for the thin film hot electrons 
may not be able to surmount the surface barrier, but for a thicker film they may be 
emitted. This can be equated to a reduction in Et with film thickness -  as observed 
experimentally.
Figure 5.21. Reduced band diagram illustrating a possible hot electron emission 
mechanism for a fully depleted a-Si:H/Cr under the influence of a given 
applied field.
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The above model based on positive space charge is similar to that developed for PAC 
films where the presence of positive space charge was required to account for the 
particular Et -  film thickness trend. However, for this case the existence of negative 
space charge should also be considered as a possibility due to the many forms of 
positive and negative defect centres found in a-Si:H. Here, under the influence of an
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applied electric field, a build up of negative charge would occur at the film-vacuum 
interface and cause a sharp drop in Ec as shown in figure 5.22. Figure 5.22 
illustrates how the high local fields close to the interface could assist hot electron 
emission over the vacuum barrier. Because the negative charge pools at the front of 
the film the emission due this mechanism would not be significantly dependent on 
film thickness for relatively thick films. However, for films thinner than the space 
charge region shown in figure 5.22 the effective barrier to hot electron emission could 
show characteristics similar to those observed. This would manifest itself in the Et -  
film thickness characteristic by high values of Et for thin films where the drop in Ec is 
restricted by the width of the film. As the film thickness increases then so would the 
amount of negative space charge and Et would reduce. As the film thickness was 
increased further the maximum space charge (for a given applied field) that the film 
could support would be reached and no further improvement in Et would occur. 
Generally, this model predicts an improvement in Et with film thickness that should 
level off for the thickest films as observed in figure 5.2.
Figure 5.22. Reduced band diagram illustrating hot electron emission due to negative 
space charge in the film caused by defects close to the Fermi level in a- 
Si:H.
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Let us now consider another potential emission mechanism where current flow 
through an initially uniform resistive a-Si:H film on a metal substrate causes the 
creation of conductive paths from the substrate to the film surface, perhaps by current 
heating. These channels could be due to the formation of defects or perhaps the 
formation of silicides. This could lead to a non-uniformity in the conductivity 
between the substrate and film surface resulting in the enhancement of the electric 
field at the film surface at the areas that are in good electrical contact with the 
substrate. This selective enhancement of the field may then be sufficient to allow 
electrons to escape from the front surface into vacuum through a FN-type mechanism. 
Figure 5.23 demonstrates how this might work. Initially (figure 5.23(a)), at ‘low’ or 
‘medium’ levels of applied electric field electrons cannot be pulled from the film. 
However, at a ‘high’ applied electric field some electrons are emitted from the film at 
some points, perhaps due a field enhancement caused by film surface impurities or 
asperities in the substrate metal (figure 5.23(b)). This current may then cause 
conductive channels to form between the substrate and the film surface. This, in turn, 
will result in an enhancement in the local electric field at the film surface at the end of 
these conductive channels (figure 5.23(c)). This will have the effect of allowing 
much larger currents to flow at Tow’ applied fields. This process would account for 
the observed conditioning where an initial high applied electric field is required to 
initiate emission and the subsequent low field emission.
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Figure 5.23. Schematic o f the formation of a conductive channel in a-Si:H. 
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This emission model based on the formation o f  conductive channels may also be able 
to explain the observed thickness dependence. I f  we consider the conductive channels 
to be ‘tips’, as in the case for rough film surfaces, then we see that the field 
enhancement due to these tips is o f the form [7]
h
fi = -  (5.1)
r
where p is the field enhancement, h and r are the height and radius o f  the feature. For 
present purposes we can take h to be the film thickness (t). FN theory predicts that 
the emission current should increase with increasing p so it would be reasonable to 
expect, for this model, the emission current to increase with t (assuming the radius o f
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the features does not increase significantly with increasing film thickness. It is clear 
then that if t is increased then Et should decrease. An inspection of figure 5.2 shows 
that is what is observed experimentally.
The degrading effect on the FE performance of these films by the addition of a 
surface n+ layer can also be explained by this conductive channel model. Here it is 
the small area of the conductive channels on the film surface that is responsible for 
the large field enhancement factor that is critical for emission. The addition of the n+ 
layer would be expected to enlarge the effective exposed surface area of the 
conductive channels, reducing the concentration of the electric field over these 
emitting areas.
Finally, it is instructive to refer to work performed by Vossough et al [10] where they 
investigated how appropriate FN was to electron emission from resistive 
semiconductors. Referring to the work by Brodie et al [11] where an expression for
' i / ' j
the transconductance of metallic surfaces was developed, they calculated <|) /p  as a 
function of applied voltage for an intrinsic polysilicon thin film and also for highly n- 
type crystalline silicon. For FN to be appropriate c|)3/2/p  is required to be constant as a 
function of applied voltage. This is what was observed experimentally for the 
metallic n-type crystalline silicon, validating their analysis. For the intrinsic 
polysilicon thin film the <|)3/2/p  - V plot was extremely non-linear and therefore <|)3/2 
and/or p must have been varying as a function of applied voltage. FE testing on 
intrinsic polycrystalline silicon tips, where p was assumed to be constant, had 
revealed a non-linear FN plot indicating that it was (j) that was altering with applied 
voltage for this material. Hence, the non-linearity of the <|)3/2/p  - V plot for the
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intrinsic polysilicon thin film was attributed to changes in the effective workfunction 
of the material with applied voltage. Referring to work by Gomer [12], they 
explained the variation in <|> as being due to field penetration at the front surface of the 
thin film semiconductor. They concluded by stating that it was this field penetration 
that was ‘dominant in intrinsic polysilicon field emission.’ This work must cast 
serious doubt on the applicability of FN to FE from intrinsic semiconductors generally 
and reinforces the results achieved here for intrinsic a-Si:H where FN was seen to be 
inappropriate.
5.7 Summary
In this chapter the FE results from amorphous silicon thin films have been reported 
and analysis performed. The appropriateness of different emission models was 
examined. It was consistently shown throughout this work, based on the experimental 
results, that a FN analysis was inappropriate for these a-Si:H thin films. A more 
appropriate space charge based model has been developed and introduced into the 
literature by the author. Also, the possibility of the formation of conducting channels 
was considered.
5.8 References
1 K. Winer and L. Ley, Phys. Rev. B 36, 6072 (1987).
2 A. Rose, Phys. Rev. 97, 1538 (1955).
3 U. Hoffmann, A. Weber, T. Lohken and C.-P. Klages, Diam. Rel. Mat. 7, 682 (1998).
4 T. Sugino and S. Tagawa, Appl. Phys. Lett. 74(6), 889 (1999).
5 N. Missert, T.A. Friedmann, J.P. Sullivan and R.G. Copeland, Appl. Phys. Lett.
70(15), 1995 (1997).
6 R.A. Street, Phys. Rev. B 27,4924 (1983).
153
7 A.A. Talin, T.E. Felter, T.A Friedmann, J.P. Sullivan and M.P. Siegal, J. Vac. Sci. 
Technol. A 14, 1719(1996).
8 G.A.J. Amaratunga and S.R.P. Silva, Appl. Phys. Lett. 68,2529 (1996).
9 R.A. Street, Hydrogenated Amorphous Silicon, Cambridge University Press (1991).
10 K.K. Vossough and R.W. Bower, J. Vac. Sci. Technol. B 18, 962 (2000).
11 L. Brodie and C.A. Spindt, Adv. Electron. Electron Phys. 83, 95 (1992).
12 R. Gomer, Field Emission and Field Ionization, Harvard University Press (1961).
154
CHAPTER 6
CONCLUSIONS
6.1 Introduction
In this chapter conclusions are drawn with regard to the most appropriate FE mechanisms 
for the different materials tested in this research. The most important aspects of this work 
(from the authors viewpoint) are stated. Finally, work that would be useful in taking this 
research forward is discussed.
6.2 Polymeric amorphous carbon films
The extensive work carried out into FE from PAC has produced data that is instructive in 
deciding on an appropriate emission model. Based on this data and its analysis it is my 
opinion that the model that fits the experimental observations most closely is the SCIBB 
model. This model is the only one considered that could explain the observed minimum 
in the Et -  film thickness characteristic (section 4.3).
6.3 sp2-rich amorphous carbon films
The a-C:H films deposited as a function of negative self bias (section 4.6) and those 
deposited as a function of film thickness at different self biases (section 4.7) gave FE, and 
other characterisation results, that pointed to changes in the bonding structure as the films 
went from PAC to GAC. The EPR and uv-vis work suggested that the observed FE from 
the GAC films was due to FN-like tunnelling from (or close to) the Fermi level of the
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film into vacuum. The supply of electrons to the front surface from the substrate was 
accomplished by good connectivity between sp2 clusters that became larger with
2 3increasing negative self bias. It is also possible that the non-uniformity of the sp /sp 
content across the film surface could result in the applied electric field at the surface 
being enhanced.
6.4 Hydrogenated amorphous silicon films
The a-Si:H films tested produced results that indicated a film thickness dependent 
emission mechanism (section 5.2), this suggests that conventional FN is not appropriate 
here. The SCIBB model used to account for the emission from PAC could be applied 
here but the minimum in Et as a function of thickness was not observed, although the 
range of thicknesses tested may not have been great enough for this to occur. It is also 
possible that negative space charge at the film surface could be responsible for reducing 
the surface barrier and allowing emission to occur. An emission mechanism based on the 
formation of isolated conductive channels within the a-SiH film was developed that did 
account for the observed drop in Et with film thickness.
6.5 Notable Achievements
• The first published report of a film thickness dependence for FE from PAC [1]. This 
has allowed for the possibility of being able to further improve the FE performance of 
this material, improving the chances of it being used in a future FPD.
• The qualitative modeling of FE from PAC films based on high internal electric 
fields [1].
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• The development of an emission model for sp2-rich a-C:H based on an increased 
connectivity between sp2 clusters
• The first published report of FE from Si thin films [2].
6.6 Future work
Work that could be performed to add to this research include:-
• Testing of a-Si:H films as a function of thickness for thicknesses greater than were 
tested in this research. This would help distinguish between space charge controlled 
emission and emission due to the formation of conductive channels.
• FE as a function of temperature measurements. These experiments would give 
information on whether electrons were being emitted over or through the back contact 
for an emitter where the back contact was important.
• FEED analysis. This technique would allow the energy spectra of emitted electrons 
to be observed. This would be especially useful in observing any differences between 
the PAC and GAC emission mechanisms.
• The use of a transparent anode. This would give information on the uniformity of 
emission across the surface of a sample.
• Lifetime tests. The emission as a function of time should be examined for promising 
materials as this is technologically important.
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Appendix 1 
FIELD EMISSION EQUIPMENT CONTROL PROGRAM
{ FILE NAME : IV.PAS }
{ VOLTAGE MEASUREMENT WITH DVM }
{ AUTHORS : R.D. FORREST, R. WEBB and C. MURRAY (ANAVOLT.C) }
{ Purpose : This program measures current at regular }
{ intervals. Each measurement is the }
{ average of 1 0  readings taken over a 1 0 s period. }
{ The output file contains the measurements, }
{ standard deviation, start/finish date/time and }
{ various imputed experimental details. }
{ Remark : This program is written for the HP3478A DMM. I f }
{ another model of voltmeter is used, please check}
{ the operating manual and make necessary modifi- }
{ cation to this program. }
{ Languages : Turbo Pascal and C }
Program example3(input,output,outfile);
($M $4000,0,0} 
uses Crt, Dos, Strings;
{$1 TBPGPIB.INC}
{$R-}
(I/O error check routine}
Procedure iochk; 
var
ermo : integer absolute $D000:$201A; 
begin
case ermo of 
0 :;
1 :writeln('TIMEOUT!!'); 
else
writeln('INTERFACE ERROR!!'); 
end; 
end;
var
i,addr,code,curlim,j,nn,VAPP,cycles : integer; 
ll,flag,flaga,dt,k,mm,curcyc,curflag : integer; 
jj,pp,qq,tt,step,imax,rr,maxcyc,vstep : integer; 
v,a,mean,astd,w,asqr,space,ss : real;
asum,kk,b,bsum,bstd,bsqr,field : real;
outfile : text;
h,m,s,hund,year,month,day,dayofweek : word; 
dvmstr,instr : lstring;
outname,info,temp,con,penn : string;
area,forrev,samdes,anode : string;
voltstmg,vs : array [0 ..2 0 ] of char;
voltstmga,vsa : array [0 ..8 ] of char;
voltstmgb,vsb : array [0..3] of char;
begin
clrscr;
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ieinit($208,21, 0 );
ieabort;
addr := 23;
{This section accesses the current date/time}
getdate(year,month,day,dayofweek);
writeln(' DATE : ',year,':',month,': ',day);
GetTime(h,m,s,hund);
writelnC TIME : ',h,': ',m ,',s);
writeln;
{ This section gives an introduction and }
{ imputes the experimental details }
writelnC AUTOMATIC FIELD EMISSION I-V PROGRAM ');
writeln(' This program cycles the voltage across the sample-anode gap'); 
writeln(' and takes regular voltage and current measurements. Each'); 
writeln(' recorded reading is the average from 10 values. For each'); 
writeln(' recorded reading the standard deviation is also given.'); 
writelnC Experimental details will be copied to the outfile along'); 
writeln(' with start/finish date/time.'); 
writeln;
writelnC SAMPLE/PROCESS DETAILS');
writeln;
write(' OUTFILE NAME :');
readln(outname);
write(' SAMPLE DESCRIPTION :');
readln(samdes);
writeC ANODE/CATHODE SPACING(um):');
readln(space);
write(' PENNING READING(micrombar) :'); 
readln(penn);
write(' SAMPLE TEMPERATURE(cent.) :');
readln(temp);
write(' SAMPLE AREA(cmsqd) :');
readln(area);
write(’ ANODE DETAILS :');
readln(anode);
write(' BACK CONTACT DETAILS :');
readln(con);
write(' FORWARD/REVERSE BIAS :');
readln(forrev);
writeC MAXIMUM VOLTAGE(V) :');
readln(vapp);
write(' MAXIMUM CURRENT(nA) :');
readln(curlim);
write(’ VOLTAGE STEP SIZE(V):');
readln(vstep);
writelnC MAXIMUM NUMBER OF CYCLES IF'); 
write(' MAXIMUM CURRENT NOT REACHED :'); 
readln(maxcyc);
writelnC NUMBER OF CYCLES TO BE PERFORMED'); 
write(' AFTER MAXIMUM CURRENT REACHED : ’); 
readln(curcyc);
write(' OTHER INFORMATION :');
read(info);
{SettheDVM} 
dvmstr := 'DCV; 
ieoutput(addr,dvmstr); 
iochk;
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{Setting up outfile}
assign(outfile,outname);
rewrite(outfile);
{Writing date, time and experimental details to outfile} 
getdate(year,month,day,dayofweek);
writeln(outfile,' START DATE : ',day,':',month,': ’,year);
gettime(h,m,s,hund);
writeln(outfile,' START TIME : ',h,': ',m,': ',s);
write!n(outfile);
writeln(outfile,' SAMPLE DESCRIPTION : ',samdes);
writeln(outfile,' ANODE/CATHODE SPACING : ',space:2:0,'(um)');
writeln(outfile,' PENNING READING : ',penn,'(micrombar)');
writeln(outfile,' SAMPLE TEMPERATURE :',temp,'(cent.)');
writeln(outfile,' SAMPLE AREA: ',area,'(cmsqd)');
writeln(outfile,' ANODE DETAILS :',anode);
writeln(outfile,' BACK CONTACT DETAILS : ',con);
writeln(outfile,' VOLTAGE BIAS : ',forrev);
writeln(outfile,' MAXIMUM VOLTAGE : ',vapp,'(Volts)');
writeln(outfile,' MAXIMUM CURRENT : ',curlim,'(nA)');
writeln(outfile,' VOLTAGE STEP : ',vstep,'(Volts)');
writeln(outfile,' MAXIMUM NUMBER OF CYCLES IF'); 
writeln(outfile,' MAXIMUM CURRENT NOT REACHED : ',maxcyc); 
writeln(outfile,'NUMBER OF CYCLES TO BE PERFORMED'); 
writeln(outfile,' AFTER MAXIMUM CURRENT REACHED : ',curcyc); 
writeln(outfile,' OTHER INFORMATION : ’,info);
writeln(outfile); 
writeln(outfile);
writeln(outfile,' V (vlts) E (V/um) lave (nA) Istd (nA)');
writeln;
writeln;
writeln(' V (volts) E (V/um) lave (nA) Istd (nA)');
{ Measurement start}
{ ReSet Wallis supply to start}
SwapVectors;
Exec('C:\COMMAND.COM,'/C anavolt r r');
SwapVectors;
if (DosExitCode =1) then exit; 
begin
cycles := maxcyc; 
step := round(vstep/15); 
flag := 0 ; 
rr := 1 ;
while (rr <= cycles) do 
begin
IMAX := Round(VAPP/15);
{ 2 0  second 'settling' period} 
delay(2 0 0 0 0 ); 
a := 0 ;
1) := 0 ;
while Qj <= IMAX) and (abs(a) <= curlim) do 
begin
Str(jj, voltstmga);
Str(jj, voltstmgb);
StrCopy(voltstmg,'/C anavolt');
StrCat(voltstmg, voltstmga);
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StrCat(voltstmg,'');
StrCat(voltstmg, voltstmgb);
SwapVectors;
Exec('C:\COMMAND.COM',voltstmg);
SwapVectors;
if (DosExitCode =1) then exit; 
kk :=round(0.75*(jj*(5000.0/255.0))+5); 
field :=kk/space; 
begin
delay(4000+(step*300)); 
asum := 0 ; 
astd := 0 ; 
asqr := 0 ;
for j :=1 to 10  do 
begin
{trigger the DVMj
ietrig(addr);
instr :=' ';
{enter DVM reading} 
ieenter(addr,instr);
{error check} 
iochk;
val(instr,v,code);
if(codeo0 ) then 
begin
delete(instr,code,30);
delay(1 0 0 );
val(instr,v,code);
end;
a := v*50000; 
asum := asum+a; 
asqr := asqr+a*a; 
end;
a := (asum/1 0 .0 ); 
asqr := asqr;
astd := (sqrt(asqr/1 0 .0 -a*a));
if (abs(a)>=curlim) and (flag=0 ) then 
begin
rr := cycles-curcyc;
flag := 1;
end;
if abs(a)>=0.5 then 
begin
writelnC ',kk:7:0,' ',field:7:l,' ’,abs(a):7:l,' ',astd:7:0);
writeln(outfile,' ',kk:7:0,' ',field:7:l,' ',abs(a):7:l,' ',astd:7:0);
end;
if abs(a)<0.5 then 
begin
writeln(' ’,kk:7:0/ ',field:7:l,' 0.5 ’,astd:7:0);
writeln(outfile,' ',kk:7:0,' ',field:7:l,' 0.5 ’,astd:7:0);
end;
if abs(a)>5 then 
begin
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ij :=ii+i;
end;
if abs(a)<=5 then 
begin
jj :=jj+step; 
end;
end;
end;
flaga := 0 ; 
rr := rr+1;
if flag=l then 
begin
PP :== jj-(step); 
end;
if flag= 0  then 
begin 
pp-= ii-2 ; 
end;
qq := 0;
while (qq <= pp) do 
begin 
tt := pp-qq;
ss := (jj-l-qq)*(5000.0/255.1);
Str(tt, vsa);
Str(tt, vsb);
StrCopy(vs,'/C anavolt');
StrCat(vs, vsa);
StrCat(vs,'');
StrCat(vs, vsb);
Swapvectors;
Exec(’C:\COMMAND.COM',vs);
Swapvectors;
if (DosExitCode = 1) then exit;
ss := round(0.75*(tt*(5000.0/255.0))+5);
field :=(ss/space);
for mm :=1 to 1 do 
begin
delay(4000+(step*300));
end;
begin 
bsum := 0 ; 
bstd := 0 ; 
bsqr := 0 ;
for nn := 1 to 10  do 
begin
ietrig(addr); 
instr :=' ';
ieenter(addr, instr);
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iochk;
val(instr,w,code);
if(codeoO) then 
begin
delete(instr,code,3 0); 
delay(100); 
val(instr,w,code); 
end;
b := w*50000; 
bsum := bsmn+b; 
bsqr := bsqr+b*b; 
end;
b := (bsum/10.0); 
bsqr := bsqr;
bstd := (sqrt(bsqr/10.0-b*b));
if abs(b)>=0.5 then 
begin
writeln(' ',ss:7:0/ ',field:7:l,' ',abs(b):7:l/ ’,bstd:7:0);
writeln(outfile,' ',ss:7:0,' ',field:7:l,' ',abs(b):7:l,' ',bstd:7:0);
end;
if abs(b)<0.5 then 
begin
writeln(' ',ss:7:0,' ',field:7:l,' 0.5 ',bstd:7:0);
writeln(outfile,' ',ss:7:0,' ',field:7:l,' 0.5 ',bstd:7:0);
end;
if abs(b)>5 then 
begin
qq:=qq+l;
end;
if abs(b)<=5 then 
begin
qq := qq+step; 
end;
end;
end;
end;
end;
writeln(outfile);
getdate(year, month, day, dayofweek);
writeln(outfile,' FINISH DATE : ',day,': month,': ',year);
gettime(h,m,s,hund);
writeln(outfile,' FINISH TIME : ',h/ : : ’,s);
close(outfile) 
end.
{ End of Program }
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Appendix 2
VOLTAGE RAMP RATE PROFILE FOR THE 
FIELD EMISSION TESTING SYSTEM FOR A 15 V
(a) AND 100 V (b) STEP
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